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.41 this point you have thoro uglily 
studied most of the basic digits! logic 
circuits that aie U'sd ir: practical digital 
systems. You have studied both sequen- 
tial antJ combinational logic neiwnrks, 
particularly the must mmnion ones used 
in compucerj and digital instruments. In 
this kit you will learn additjunal digital 
techniques and applications. 

Jn the previous two kits you demon- 
sErated digital logic fun da. men tab at the 
gate and functional circuit levels. U is 
ea-sier to lenrn how different types of 
digital circuits operate when they are 
demonstrated individually. However, in 
this kit you will hegjn to combine these 
circuits to farm larger circuits that per- 
form some useful functions, involving 
arithmetic computations by digital tech- 
niques. Thess circuits will be more iophis- 
ticated than those you have wurked with 
in the past. As a result you will be 
interconnecting more circuitry, using the 
experimental chas.5is and as many as five 
of the computer printed circuit boards at 
a time. There will be numerous inter- 
connections to make and you should be 
extremely careful to make these properly. 
Complete and detailed instructiuns are 
given for each experiment in wiring these 
circuits, [f you follow the directions 
carefully, you should have no trouble in 
getting the circuits to work. 

Despite the seemingly complex nature 
of some of these experiments, they are 
typical of what you will encounter in 
industry. As a ledmijiun, you will be 
working with even more sophisticated 
equipment. In many cases the expcrt- 
merJal circuits thai you wLre here are 



identical to typical breadh oar ding setups 
that you will make as a development 
technician. 

The experiments in this kit are de- 
signed to leach you memory applications 
and arithmetic circuitry. In the Rrst three 
experiments, you will build and use one 
type of di^ajtal nteinory. You will demon- 
strate reaii and write operations and tise 
thj memory to pertbrm a -wirie variety of 
logic functions. The memory that you 
uili build is knotMi as the read- 
only-memory (ROM) that finds wide 
application in modem digital systems. 
The memory that you construct is a 
programmable read-only-memory that 
permits you to vary its function easily 
and demonstrate important concepts. 
After building this memory and demon- 
strating it in the experiments, you will 
test it thoroughly and use it as the main 
memory element in the digital computer 
that you will construct in the next kit. 

Most of the remaining experiments 
cover arithmetic circuitry — logic circuits 
for performing addition, subtraction, and 
multiplication by digital methods. You 
will review basic binary arithmetic and 
construct circuits for performing Lhese 
arithmetic operations, fn addition, you 
will perform e.\periments covering BCD 
and other special arithmetic circuits. 

The experiments in this kit will eon- 
dude your detailed study of digital cir- 
cuitry. In the next kit yuu will construct 
the digital computer and use it to learn 
computer organization, operation, pro- 
gramming, and troubleshooting. In this 
kit as in the others, you will construct 
several of the printed circuit boards to be 



used 111 rhe computer- You wiJl use some 
of these boards in performing the expeiL- 
ments. fn each case, consliuct ihe PC 
bOiirds tarei'uiiy, Because of tlie large 
amount of circuitry involved in the digital 
compuwr, problems can occur due to 
puur construction techniques- TTiifi means 
paying particular ittention to your 
soJdertng. 



As with your prevtuus kits, check the 
contents against the photo in Fig- I and 
th£ rekced parts lisr. Be ^;ure thaf you 
liave all of the cornpunents so that you 
can proceed witli the experiments with- 
out interruption. It you should be m;sslr.g 
a pan or some important piece of ytiur 
kit, let the N'RI Cnn 5 ul cation Service 
know immediately. 
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Constructing the Memory 
Printed Circuit Board 



Before you can proceed with the first 
three sspcrimems in thii kit, yuu will 
need to Lonsuuct the memory printed 
circuit board. This is tire large printed 
circyjt board labeled EC36 thit you 
received with this kit. Gather tKe fol- 
lowing components in preparation for 
constructing this circuit board, 

1 MJ circuit board (EC36) 
4 1 4-pin integrated circuit soc- 
kets (S0S4) 
4 .0] mfd disc capacitors 
fCN102) 

4 Type 1^844 integrated cir- 
cuits (1G7) 

! lOO mfd, 10-volt dectrolytic 

capacitor (CNl 12) 
8 Ik-ohin, 1/2 watt t09£ 
resiifors (RE30) 
28 Miniature tubular tenninals 
(LU9) 
128 liV9l4diodes(CR23) 
128 Singk-pole, 5 ingle- throw PC 
mounting slide switches 
{SW68) 

5 6-32 X l" machine screws 
S 6-32 nuts 

Hookup wire 
Solder 

The assembly of the circuit hoard is 
relatively simple. It h just a matter of 
insijltine the components in the proper 
locations and soldering them in place. 
The screening on the board designates the 
locatioti of each of the components. By 
following tlie illustrition, the board 
screening, and the instructions to fnllow, 
you should have no diftlcutty in con- 
structing this board. 

Install short wire jumpers in the Ji 



through J16 positions. A short piece of 
hookup wire is used to connect the 
copper pattern on the top of the board to 
another copper pattern on the bottom of 
the board ai 16 different locat:ons. Tnis 
is done by passing a short piece nf hare 
wire through the board and soldering it 
On both the top and the bottom sides. 
There are 16 individual positions, Sitnply 
strip the insulation from two pieces of 
hookup wire and push it throu^ the hole 
from the top side of the board. Next, 
solder the wire to the conductor pad on 
the top side of the board, then solder the 
wire to the pad on the bottom side of the 
board, Finally, trim off the leads on both 
the top and bottom sides of the board. 

Fig, 2 shows the proper procedure for 
doing this. Be careful not to use too 
much heat. Remember that the con- 
nection is so short that when you nppty 
heat to solder the top connection, this 
will also meh the solder on the bottotn 
connection. 



TOP 

CO'i.OUCTGfl. 

POITOm 

cowcueroa 

PS3 




Fie, 2, Ifislaliini; i Jumper wire on tlie MS 

eircuil board. (A) ^Mering llie jumper, acid 

(B) the cijm{>{eled coDnectkiEi. 



Install the 2S miniature tubular ter- 
minals in the peripheral holes provided on 
the left and bottom sides of the EC36 PC 
board. Insert the terminals from- the top 
and crimp each tightly en the bottom to 
bold the terminal ftrmiy in place. Solder 
all terminals on both the top and the 
bottom of the board. 

Install a 1 00 mfd, 10- volt electrolytic 
capacitor between terminals Gl and +5B. 
Wrap the leads of the capacitor around 
these terminals neatly near the bottom, 
trimming off the excess. Solder both 
i;onnectiuns. Be sure to observe the po- 
larity indicated by the screening on the 
top of the board. 

Install four ,01 mfd disc capacitots in 
the four locations designated to the right 
of the IC socket holes. Insert the capac- 
itors from the top ^nd mount them so 
that they are flush with the board. Solder 
both leads of each capacitor on the 
bottom of the board to hold them in 
position. Also in those locations pru- 
vided, solder the capacitor leads on top of 
the board as well. Aii with the other 
circuit htxirds, these capacitor leads are 
used to carry power and ground con- 
nections from the top to tlie bottom of 
the board, making it very important for 
these capacitor leads to he soldered on 
both top and botcorn. Double check your 
work here before you go on and clip off 
any e.Kcess lead lengths. 

Install eight Ik-ohm, f/^- watt resistors 
in the eight locations shown on the top of 
the tCjo circuit board. Bend the resistor 
leads itl riyht angles as close to the body 
as possible. Insert each resistor from the 
top and push it down so that it is 
mounted flush with the PC board. Bend 
the leads slightly on the back and solder 
each of the lends. One lead of each 
resistor must also be soldered on the top 
of the board. Solder these connections 



carefully, ther. clip off any excess leac 
lengths. 

Install four 14-pin DIP IC sockets ir 
the lixatioris designated by the screeninL 
on the circuit board. Inseit the sockets 
[""torn the top so that the notches are 
pointing to the left as indicated. Be sure 
that the sockets are flush with the top ot 
the board, then using the thin solder 
supplied, snider the 14 pins on each 
socket. 

You are now ready to install 128 
1N914 diodes. The diode symbols are 
screened on top of the board with the 
correct polarity; however, you will mount 
the diodes on the bottom of the printed 
circuit board. As you mount each diode, 
be absolutely certain that you inatal! it 
with the correct polarity. Remember that 
the black band around the end of each 
diode desianates the cathode. In all cases, 
the cathode should be toward the top of 
the board. 

Bend the leads of the diode at right 
angles very near to the body and insert 
the diode from the bottom of the hoard 
in the holes provided. These holes are 
marked with the diode symbol en top of 
the hoard. Bend the leads slightly on the 
top of the board to hold the diode flush 
with the board as you solder it. Solder 
each diode on both the bottom and the 
top of the board, btit do not use too 
much heat because the diodes are very 
sensitive. Apply just enough heat to make 
a good solder connection, using the thin 
solder provided with this kit. Oip off the 
excess lead lengths. Install each diode this 
way Once ihey are installed, scan alt 128 
diodes on the bottom of the board to be 
sine that aill of tlie cathode ends ate in 
the same direction, upward. Double check 
to be sure that alt the leads are soldered 
on both the top and the bottom. Now be 
extremely careful when you lay the board 



back down un yuir worccbtnch. The 
(Jiotfts are made of glass and can be 
ciKkeJ. Triererate, fiom tiiis paint tin 
the memory shotilJ be treaTfid carefully 
so that no diodes on (he botttim uf the 
board will be damaged. 

To prevent diode damage, install a 
one inch long 6-32 screw ind nut in each 
ol" the four i;orner holes of the PCboitd. 
Also install a one-ini:h screw and nut in 
the center hole. Insert the screw head 
from tEie top and tighten the nut on the 
bottom. This provides one -inch legs that 
will hold the iiicmory board off the 
bench to prevent damage to the diodes. 

Next install all of the 128 black slide 
Switches on the top side of the PC board, 
bcgicLning with the 16 switches across the 
top of the circuit board. Be sure to ir^stall 



them correctly so that the body of each 
switcii fits wthin the areas screined an 
tht PC board. Solder all of the switch 
terminals which protrude on ths bottom 
side of the board. Since each switch has 
two terminals, a total of 256 solder 
lionneetiuna must be made or tiie bottom 
side of the bo:ird. Be certtiin each switch 
resti squarely on the board before 
soldering. 

Now irssiail the four I5S44 iC's at 
posiiions ICJ5, IC36, IC37 and IC3S. Be 
sure thai the IC and socket notches are 
properly aligned. Notice that all uf the 
notches must point to the left. 

The assembly of your M3 board is 
complete. You may now proceed with 
the first experiment in this kit t[j demon- 
strate the operation of this board. 



Performing Experiments 
81 Through 83 



EXPERIMENTS! 

Purpose: To defnonr.ratf^ the opt^ration 
of a programmable syiitch-diode matrix 
read-only-memory. 

Introductory Discussion: Most digital 
computers todiy tisc magnetic core 
memories. These memories are extremely 
reliable, versatile, and can achieve the 
high speed necessary for fast com- 
putations. However, their complexity and 
high cost prevent us from demonsl rating 
such a memiiry hers. For that reason, we 
use a simpler, lefi expensive torm of 
memory to help you in demonstrating 
memory concepts- 
One nf the simpiest means of repre- 
senting binary data is by using a switch. 
The switch has two positions, off and on, 
which we can assign tu the binary D and 
binary 1 states. By providing a group of 
switches, complete binary words can be 
represented. This is exactly what we do in 
the memory board you have just con 
structed. This memory contains sixteen 
8-bit words of binary data. A slide switch 
is used for each bit of the data word. 
There is a diode associated with each 
switch The diode ind switches are con- 
nected to form a Large matrix. The diodes 
in series with the switches prevent the 
switches from interfirring with one 
another. These switches are connected to 
the integrated circuits in groups, that are 
used to buffer the S-bil parallel output 
word. TIte separati; drawing (insert sheel) 
shows the detailed circuit of rhe M3 
circuit board . 



In uiii e-xperiruent you are going t^; 
demonstrate the switch memory you ha"*!: 
just constructed. You will study its 
theory of operation ao that ytiu will 
thoroughly understand it-i use. 

Experimental Procedure: Th- experi- 
mental circuit for tfiis experiment is 
shown in. Fig. 81-1. Before you bejrin 
wiring your circuit, you must partially 
disassemble the ADC circuit that is wired 
on your experimental chassis. First dis- 
connect the resistive s'^mming network 
from the Ml board, but do nut unsolder 
the individual lOOk-ohm and 200k-o[mi 
resistors in the network, .Mso remove the 
wire going from this network to terminal 
ICM en the expcrimintal chassis PC 
board. Set the resistive network with its 
attached wire aside for later uss. Leave 
the four yellow wires, an tern^inals A, B, 
C and D of the M! board conriecced to 
the lamp driver board. Disconnect the 
jvimper between J A and KA. and remove 
the wire between K.A and temJnai 
tCl-IO. Also, renuive the yellow lamp 
driver lead from terminal ICl-10. Leave 
the othet end connected tL> the lamp 
driver board. 

Nest remove jhe .001 mfd capacitor 
between terminals Gl and CLR on the 
Ml board. Tlien remove the 4.7k ohm 
resistor between the +5 A and CLR ter- 
minals, al^o remove tire red push button 
switch with its attached wires simply by 
removing the yellow' and black switch 
leads from the CLR and Gl terminals. Set 
aside the switch with iti attached leads 
for later use, 
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You will mike one aJditiurial change 
on tlie experimeiiliil ch:issis PC ljo;ird. 
Move the Ml Llock wire from EcrEiiiiiaJ 39 
to termmaJ 46. This will apply the oulput 
of the buflired latch circuit to the CLK 
input on the Ml board. 

Now you are ready to wire the experi- 
mental circuit shown in Fig. 81 I. In 
aJdition to the MI board and lamp driver 
board which are now connected to the 
experimental chassis, you will need the 
M3 circuit board and the other lamp 
driver board. Wire Lheni aii shown in Fig. 
81-1. using the yellow hookup wire. 

YyLi mus! provide powei to die M3 



hoard with an 18-inch piece of red 
hookup wire and an 18-inch piece of 
hlack hookup wire. Conneci the red wire 
he t we en terminal +5 A on the M3 board 
and terminal 43 on the experimental 
chas?iis- Connect the hlai;k wire between 
terminal Cl on the M3 board and ter- 
minal 40 on the experimental chassis. 
AJso connect the red and black power 
leads conrting from she second lanip driver 
bnard to terminals 43 and 40 respectively 
on the experimental chasiii. 

Cheek all of your wiring to be sure that 
it is e.xaclly a^ shuwn in Fig. 81-1. Also 
make certain that i 7400 IC is not 



initailed at the 1C3 position on the MI 

bnard. You are now ready to perfcrm the 
experiment. 

Siep 1; To demonstrate basic memory 
operatinn. 

The memory storage locations on the 
printed circuit board are orsani?,ed into 
S-blt word locations. These are numbered 
in hexadecimal, (3 through 9 and A 
through F down the center of the board, 
with switches fl through 7 on the left and 
switches S through F on the right, reading 
from top to bottom. These designations 
are the addresses (it locations of each 
memory word. Since there are a total of 
sixteen words, we can address these with 
a 4 -bit address word. We feed a 4- bit 
address word lo the memory', then that 
particular memory location is read out. 

Turn on the ex peri mental chassis. 
Depress the black push button and step 
the binary counter on the Ml circuit 
board until lamps 13 througti llj on the 
lamp driver board connected to lines A, 
B, C and D read DOOO. Lamps 17 through 
14 should be on at this time, hut you can 
disregard them since they are not used 
here. You may di.^ahle these lamps if you 
wish by grounding L4 though L7 or by 
removing the bulbs. For the moment, you 
can also disregard the light pattern on the 
other lamp driver printed circuit board. 
Switch all eight switches in memory word 
f} to the down posirion, noting the state 
of the lights on the light driver PC buard 
that is connected to the S0 through 57 
output terminals. Then switch the eight 
memory switches in word (J to the up 
position one at a time, making note of 
the results on the indicator lamps as you 
do so. 

Connect the ground clip of your tvcm 
to one of the I -inch screw Eegs on the 



memory [*C board. This ^^ill perfflii yus 
to pick up the common ground at ; 

convenient lo<:ation. Set the tvnm fo 



reading positive voltage en the 



vol 



scale. Now touch the prnhe !o the sixteer 
lines labeled W(JF through WF(3 one at : 
time. Mentaily naie the voltage at each oi 
these sixteen pins. 

Discussion uf Step I: Refer to the 
separate logic diagram of the Ml circuit 
board- In this experiment you are using 
the 4-bit binary counter on the Ml circuit 
board lo provide an address for the 
switch meniury. We lake the 4-bit word 
from the binary counter and feed it 
directly to the memory address register. 
The strobing of the 4 -bit addre&s (by 
signal Tl3j into the memory addr«s3 reg- 
ister (747 S) has been disabled because 
ICS on the Mi circuit board hai been 
removed- This means that the 4-btt 
address directly from the counter is 
applied through the memory address reg- 
ister (lip-flops to the two 7442 decoders. 
These two decoders look at the 4-bit 
address, decode it, and generate a signal 
to enable one of She jixteen memory 
words. 

In the first part of the experiment 
when ynu set the counter to the 0000 
position, the decoder output selected 
word in the memory. Tliis is identified 
by the W3F line on the M3 circuit board. 
The decoder enables only this word. 

With all eight switches of memory 
word ^ in the down position, the eight 
lamps on the light driver board should 
have been off, indicating binary O's. With 
all of the switches in the up position all 
of the lamps slioLsId have been on, in- 
dicating binao-' I's. .The lamps should 
have turned on as you set the switches 
from the down (0) to the up [D position 
one at a time. This indicates that on the 



m 



memory printed drcuil bo:ird a swiLi;h in 
the down posiUun is ii binary and a 
switch in the up posiliun is a biiufy I. 
Thj liigii;al output sisjfliils from the 
memory Jorrespond to the switch indi- 
citioii Si yiiu observed on the lamp driver 
bmps. 

By switching Lhe individual switches 
nff and on yau shuuld have foutid thai 
the lamp corresponding to that hit pusi- 
tion in the word changed as you switched 
between the binary and binary 1 
positions. 

Next ynii used your tvom to measure 
the vtjltage at the sixteen address lines 
coming iVuin the Ml circuit hoard. Yuu 
should have found all of the lines at the 
binary 1 vaita^e level (between +4 and +S 
vdt'j) except for one, the W0F line. The 



WijUr UiK should be in die binary stite 
(near zero vol 15). The decoder on the M I 
circ'jit bond selects one of the ii.xteen 
wiirds. the selected line being a binary 
while al! others are at the binary I 
inLlication. You can always determine 
which word on the memor>' printed 
circuit board has been enabled by looking 
at the voltage on the address input lines. 
The line that is in the binary position is 
enabled. 

To understand how the swi:ch mert^ory 
works, refer to the memory printed Cir- 
cuit board logic diafirani on the separate 
insert sheet, Moiice the iarse diode-switch 
matrix. Each bit po.;iti()n consists of a 
switch and a diode connected in series to 
one of the 1 28 points formed by the 8 by 
16 matrix. Eight lines feed the input node 




F'%. Bl 2. Cireult of 158-14 <or 944> IC used in the memory. 
10 



conncetiotis to the 1 5844 IC NAND gates 
used. The drcuitry in each N AND gate is 
shown in Fig. 812, This isa DTL NAND 
gate. There ate two 4-1-; put gates with an 
open coilectDr output in each IC We arc 
using external Ik-ohm load resistors for 
tliese NAND gates on the memory 
printed circuit board, but we are not 
using the input diodes on the NANT) gate. 
These are connected toge titer and enabled 
by a +5 volt line on the memory circuit 
board, as you can see in the illustration. 
Howev-ir, we are uiing the node input, 
which is pins 3 and II respectively. As 
you can see in Fig. Si -2, the diodes in the 
matrix are connected to the gate node 
and are used to enable the gates, de- 
pending upcin liow the switches are set. 

To fully understand how the memory 
works, recall the method of operation of 
the NAN'D gate. If.any one of the diode 
inputs to the NA^fD gate is brought to 
ground (or made a binary 0), the output 
of the NA.VD gate goes high. If all of the 
diode inputs to the MAND gate are open 
or at the binary 1 level, the NAND gate 
output will be a binary 0. 

Now refer to the memory board dia- 
gram. M-lien the W0F address input lins 
goes low, it will bring the calliode side of 
the diodes connected to it to ground, 
forcing the output of the corresponding 
NAND gate lo be high if the switch in 
series with the diode is closed. Consider 
the NAND gate associated with output Sfl 
in the diagram. Notice the diode con- 
nected to the switch attached to pin 11, 
the node of the N.A.ND gate. The cathode 
of the diode is connected to the W0F 
input. If this switch is closed and WOF is 
grounded indicating th.at word es 
addressed, the S9 output will be a binary 
1 , However, opening thfi Switch will 
simply leave the node open and the 
NAND gate will have all uf its normal 



diode inputs enabled. This will cause th 
SO output to go low. .A^ you can see, wit 
the switch closed the NAND gate outpt. 
is forced high and a binary 1 is producer 
With the switch open, 1 binary i 
produced. Tliis same action occurs u( 
^ach of the ei^ht bit positions for thi 
word in the memory. 

As you refer to the memory logi' 
diagram, keep in mind that all othe 
address input lines at this time are at thi 
hinir>' I level. For that reason none o 
the other switches in the memory aflcc 
the state of the output. If the switche; 
should be open they will have no effecl 
on the circuit. If the switch happens to be 
cloised, it will also hive no e fleet since all 
of the other address lines are at a binary I 
level at this time. These conditions clearly 
enable the NAND gates in such a way as 
to permit only the diodes and switche.^ in 
the addressed word to control the state of 
the output. 

Step 2: To check the conditiun of all 
bits in everj' memory word. 

In this step you are going to verify the 
operation of every memory word. You 
will address each memiiry word in se- 
quence and test all bit switches lo be sure 
that they are functiotving properly. You 
have already tested memory location by 
first setting the address to the 0000 state. 
You stepped the counter by depressing 
the black push button until the desired 
address was obtained. You placed all 
eighl switches in the down position, then 
in the up pration, and observed the 
outputs on the indicator lights. You will 
now test the remaining fifteen wards in 
memory tfiis same way. 

Depress the black push button once to 
step the address counter to the 0001 
position. You have addressed the memory 
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locatiun number t. Piite all oi the 
meitiory word 1 switches in the down 
posiiiun anJ observe the indi<;ator lighin- 
^ov pui il! of cliein in the binary 1 
positJDn oHL* :it a fime, noting ttiac they 
ihnuld go on as they are swi'ched [o 'lie 
up p[>5Jtion. 

Using the bijt;k push button, step the 
address to thz OOIO position, repeating 
this test nn memory location 2. First put 
all di the switches in the down posiliun 
and observe the lights. Then place ttiein 
in the jp position ir.d continue to WLilch 
ihe li;4h[s. Repeat this for ail of the 
retn lining memory word locations 
chroua[li ;nJdress I II 1 or hex F. 

Discussion of Step 2: You sequenced 
through each of the memory locations 
and repeiitedly wrote all O's and all I's 
iino all eight bit positions of the memory 
location. You should have Found that 
with all [he switches down, that all of ilic 
eight indicator lumps are off. With (he 
eight switches in the up position, the 
indicator lamps should be on. All 
memory locations should have given you 
exactly the same resuh, If you should 
find ji lamp that did not respond properly 
to the memory switch in question, it is 
possible that you have a defective switch 
or diode. 

If you slvould have trouble, follow this 
procedure. First check your solder con- 
nections for that particular switch and 
diode, by simply touching the hot solder- 
ing iron to the diode and switching 
terminals one at a time to let the solder 
re melt again and flow over the t:on- 
nettions. ITien tetesi the switch. Some- 
times the switches themselves will have 
dirty contacts. This can often he cleared 
up by turning the switdi off and on 
rapidly several times to clean off the dirt. 
If you should find a defective or inter- 



mittent switch, replace it with one of the 
extras we supplied you in this kit. With 
the oxpcrimcnt:)] chassis power off, you 
can use your tvom in the ohmmetsr mode 
to test each diode with a forward and 
reverse resistance test. Replace any de- 
fective diodes ot reverse any that may 
have been installed backwards on the 
hoard. 

Step 3: To become familiar with the 
niemorv' switch positions and the method 
for writing data into the memory 
locations. 

Step the couitter to the 1011 position 
with the black push button. Then go to 
the appropriate memory location and set 
the switches from left to right according 
lu the following pattern, llOOllOO. 
Observe the indicator limits. Treating this 
as a binary number, convert it into its 
decimal equivalent. Write your result in 
the margin of the text. 

While you are observing the indicator 
lamps, try switching any of the other 
memory switches in locations other than 
1011 and notii:e the effect on the indi- 
cator lamps. 

DiscusJiion of Step 3: The purpose of 
this particular itep is to help you become 
familiar with Ihe locations of the various 
memory word locations on the printed 
circuit board and how they correspond to 
the 4-bit input address. By setting the 
counter to the 101 1 position, you 
addressed memory location B. This is the 
fourth group of eight switches down from 
the top on the ri^ht-hand side of ths 
memory ptintcd circuit board. You then 
set the bit pattern 1 lOOl 100 from left to 
right at this meniury location. Tat lamps 
should display the same bit pattern as the 
addressed switches. By interpreting this 



bit pattern as a binary number with the 
right-hand switch position and lamp 10 
representing the LSB position, you 
should have been able to convert this 

binary number into its decimal equivalent 
rtt 204-. In using the memory in the 
future, you will mc Mi is arrangemem. The 
right-hand bit position in a word is the 
leusl significant bit wliile the left-most bit 
is the most iijnirvL;jnt bit. In some of the 
experiments that folio*', the left -most bit 
will he the sign bit of a signed binary 
number while bit 6 will he the most 
significant bit of the number. 

Instructions for StatemenJ 81: For this 

siatenient you are going to demonstrate 
what happens when two of tlie memory 
words are addressed simultaneously. 
Solder a short piece of black hookup wire 
bctwesn terminals W7S and G2 on the 
M3 board. Then .step the black push 
button so that you address memory 
location 0000. Dy connecting the piece of 
black hookup wire to ground, you have 
also addressed word 7 in the memory. 

In word ! oca tio|i set the following bit 
pattern into the switches: 0011 001 1, Set 
the pattern 0101 OlOl from left to right 
in memory location 7. Observe the eight 
outputs on the limp driver board and 
record your results in Fig. 81-3. Caret'ully 
study the words stored in memorv' loca- 
tions and 7 and the re.'sult obtained at 
the output, then answer the statement 
question. 
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1 1 1 1 


MEM LOG 7 


10 10 10 1 


MEM OUT 





Fij. 81-3. Record your rentlls for Sutement 
SI in IhU table. 



.i^fter you answer the statement que*; 
tion, turn off the experimental chassi. 
and remove the wire between terminal' 
W7S and G2 on the niernory board 
However, leave the remaining circuits 
connected as they arc used foe your nexl 
expetinienL, 

Statement No. SI: The binary number 
that I observed on the output lamps was: 

(U iiioniQ 

(2} QUI 01 U 

(3) I ! 00 i 100 

which indicates that both memory words 
are being read out simultaneously since 
they have been effectively: 

{}) ANDsd 

(2} uddL'd 

(3) suh true ted 

(4,t ORcd 

to produce ihe result 



EXPERI.VIE,NT 82 

Purpose. To ikmomtrale a read- 

ar.iy-ntemory and to show several useful 
spplicntiofis. 

Introductory Discussion: A read- 
only-memory (ROM) is a special type of 
memory for storing fined binary data. In 
other word.s, data is permanently written 
mto each storage location Once this is 
done, only read-out operations can be 
performed. Each word stored in the 
memory can be addressed eiiher ran- 
domly or sequentially. /\3 it is addressed, 
the d:ita is read out of the memory. 

In this experiment you are going to 
demonstrate several useful appiications of 
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the ROM. The msmory prirUed dtcml 
board iluf you construcieJ eariit:riri this 
kjt 15 1 farm of ROM, It is not a true 
ROM in the sense thai Jiila Is perm- 
nenily stored in it; it can oriiy perform 
the read funijtion. Data cannot be written 
into the meniLiE^-' jnder logii; control, but 
tUi contents of ttn; memory can be 
programmed by setting the switches to 
the desired bit pattern. For that reason 
tlie nii;niory is best called a program- 
mable re;id-iinly-meir,or>'- By being able 
to prugram the contents of the memory, 
we can ilkistrate many ROM applications, 

Experimental Procedure: The test 
setup that you used in the previous 
experiment will be use J i<i this experi- 
meni also, However, you will need to 
make a few modifications to the circuit, 

l-irst, remnve the wire coming from the 
elock input on the Ml circuit board from 
terminal 46 on the experimental chassis. 
Solder it tg terminal 39. This will permit 
the clock oscillator on the experimental 
chassis to step the binary counter. 

Now you must remove some of [he 
wiring on your experimental chassis. First 
remove the IN914 dioje and the 2N5134 
transistor that are connected between 
terminals ICM and lCl-!0 on the experi- 
nicnra! chassis PC board. Also remove the 
220k-ohm resistor between terminal 
tC]4 and terminal ]6 on the Ik-ohm 
potentiometer, the wire between terminal 
IS on the Ik-uhm potentiometer and 
terminal 9, and the wire between terminal 
17 on the Ik-ohm potcntiomenter and 
terminal 14, 

Connect a lOOk-ohm resistor between 
termmals ICM anti lCl-10, Then con- 
nect the DAC reiistive ^unmiing network 
to tetn^nals S(J , S J , S2 and S3 on the M3 
circuit board, referring to Fig. 82-1 as 
you make these connections. Connect the 



wire coming From the resistive network to 
terminal lCl-4, 

Check all of your wiring against Fig. 
S2-1. Notice that you have converted the 
ADC circuit that was wired on the experi- 
mental chassis into a DAC circuit, iden- 
tical to the one you used in an eLirlier 
experiment. The 709 ICat position ICl is 
used in conjunction with the 100k -ohm 
t'eedback resistor and the summing resis- 
tors to form the DAC circuit. Although 
not shown in Fig. 82-1, a wire should be 
connected between terndnals 4 and ICl-6 
and between terminals 13 and lCl-11. 
These two connections provide power to 
the IC. The rest of the experimental 
circuit is identical to the circuji used in 
your last experiment. 

Step 1 : To demonstrate a hybrid func- 
tion generator. 

Fig. S2-2 is a table showing tlT£ ton- 
tents of each memory location for this 
step. Using the table as a guide, set the 
switches in all sixteen memory words to 
those specified in the table. Place the 
switches up for binary I's and down for 
binary O'i- In order to obtain the proper 
results from this experiment, the menior/ 
words should be exactly as shown in the 
table. Therefore, it is a good idea to go 
back once you have programined the 
memory to double check it. Notice thai 
the four left-hand or most significant bits 
of each memory word are Q's for all 
portions of the siep. 

Turn on the experimental chassis. Con- 
nect the vertical input of your oscillo- 
scope to terminal lCl-10, and connect 
the ground clip of the oscilloscope to the 
experimental chassis (ground). Adjust the 
veriicai and horizontal controls to display 
at least one or preferably two cycles of 
the DAC output waveform on the screen. 
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Adjust (he coiilrois to stabilize the wave- 
form and tlien skittjli the waveform an 3 
separate: sheet oi" paper. 

Ntfxi, solder li lOOk-olim resbtor be- 
tween terminal ICl-IO and tennin;il 42 
on che 4 lug terminal strip un the experi- 
mentjl ctiuiiis PC buard. Solder a .1 mfd 
capacitor bdlween terrniiuls 40 and 42. 
Your circuit should appear ai sliown in 
Fig.82 3. Leave the ground clip of your 
oscillosj^tspe (in the expenmental chassis, 
but move the vertical iriput lead to 
tecmiEial 42, There is no need to turn nff 
the experimeritj] chassis whilt; adding 
these Lromponcnts. 
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Fi£. S2-3, Experimenl^ circuit tat additian in 
Step 1, 



Observe the waveform at terminal 42. 
Readjust the vertical gain control and 
otlier controls as necessary to stabilize 
the wavefoLTTi- Again note the waveform 
shape and iopy it on a separate sheet of 
paper beneath the waveftirm you just 
copied. Turn off the sxperinicntal chassis. 

Discussion of Step 1 : Li this step you 

are using the four least significant OLitput 
bits of the progranimabfe read-orrly- 
memtjry to drive the fcsisior summing 
network of the digital-so-anilog converter 
that you constructed in previoLis kits. The 
DAC will accspt the words stored in 
memiiry and generate an output voltage 
pEOporiional to the binary word value. 
We arc using the binary counter stepped 
by the high »peed clock circuit to sequen- 



lialiy address all sixteen memory loca- 
tions. As the counter steps through its 
sixteen states, 0000 througlr 11 H, the 
contents of each of the memory locations 
in Sequence will be fed to the D.\C. As 
the dock pulses step the counter, the 
counter will contmuaJly recycle from 
1 1 1 1 to 0000, repetitively transferring 
the memory contents in sequence rn the 
DAC. 

The output waveform produced by the 
DAC will be a function of the contents of 
each memorv' location. Since th« memory 
is fully programmable, virtually any wave- 
form can be gijnerated. Because the DAC 
has only four input bits, we can use a 
ma.vimuin of four bit memory words and 
specify the magnituda in any sequence 
we desire. 

In this experiment you stored a 
Sequence of binary words in the memory 
like that shown in Fig. 82-2, This se- 
quence of words closely approximates a 
sine curve. Therefore, the output wave- 
form that you should have observed at 
the DAC tiutput at terminal lCI-10 
should closely appro. ximate a .sine wave. 
Naturally it is not smooth and perfect 
because of the stepped or dist^rete level 
nature of the D.AC However, for many 
practical applications such a simulated 
sine wave would produce a result just as 
good as that of a pure sine wave. 

Fig. 824 shows the waveform that you 
should have observed. As you know, the 
DAC output voltage swings from a mini- 
mum of volts to a maximum of -7.5 
Volts. Ttie sine wave is set up to swing 
between volts and 7 volts. Therefore, 
this is a peak-to-peak waveform of 7 
volts. It is equivalent to a sine wave riding 
or supenmposed upon a —3.5 volt dc 
level, The sine wave swings above and 
below this value. 

If you will notice the waveform of Fig, 




Fig. 83 4.Resutlsfor Jtey 1. 



82-4, one cycle of the sine wave is split 
into sixteen time increments. Since there 
is a total of 360" for each sine wave 
cycle, each increment represents 360/16 
— 22,5 . To generate tlus waveform, we 
program the memory with si.vteen 
sequential words of data that are repre- 
sentative of the value of the sine of the 
ar.gics 0" through 360' in 22.5" steps 
Using these values of the sine, we scale 
the value to match the capabilities of the 
DAC circuit. As you can see, the results 
closely approximate the sine wave. 

At the output of the DAC op amp ynu 
next connected a resistor/capacitor com- 
bination and observed the output voltage 
across the capacitor. This R-C network 
forms a low pass lllier which wd] reject 
all of the high frequency components in 
the step waveform appearing at the op 
amp output. For that reason the output 




Fif. 83-5. Output of low pass (iller on tit 0.\C. 



of [he low pass illter at terminal 42 
should be very nearly equal to a smooth 
sine wave For those applications which 
require a more nearly perfect sine wave, 
filters such a.s this can be easily added. 
The waveform that you should have 
oljseni'ed at terminal 42 is shown in Fig. 
82-5. 

Step 2: Tu show how an ROM can be 
used to perform binary multiplication by 
using tabic look-up techniques. 

Remove the wires connecting terminals 
A. B, C and D to terminals ADR0, /\DR1, 
ADR2, and ADR3 un the Ml circuit 
board. Ne.Kt, connect the four least sig- 
nificant bit positions of your switch 
register to the ADRt! through ADRj 
lines. Connect thi? right- hand or LSB 
switch to the Ar>R0 terminal, etc. Thi.i 
will permit you to use ttiese switches as 
the input to L'le read-only-memory rather 
than the binary counter on the Mi circuit 
bourd. Don't forget to connect the black 
and red wires from the .«viKh register to 
ground and +5 vults an the experimental 
chassis be tore proceeding. Connect the 
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red k^J to terniinil i} iind the black lead 
to Wiminal 30, 

In this step you are goin^ to dsmon- 
strate the multiplicatEon of binary num- 
bers. You will use two 2-bit numbers, 
botli oF wliich will he represented by thi 
four swirJics in the switch register that 
you jusl connected. The two Tight-moi: 
switches will represent the multiplicand 
and the two switiihes to the left will 
represent the mulriplier. With 2-bit num- 
beri there will be a total of four detiimal 
numbers that can be represented, 0, 1, 2 
and 3, For this step you will multiply 
these numbers by themselves in all pos- 
sible combinations. To do this you wUl 
need to se: the suitch register switches to 
the various combinations of input num- 
bers. You will then record the ,'>utput on 
the Janip driver. 

To begin the experiment, set the 



memory switches as shown m the table of 
Fig. 8'2-6, which shows the memor)'' 
location or address in hexadecimal nota- 
tion. Notice also that the contents of the 
memory :ire expressed in hexadecimal 
format, AH of tlie pro;^rammin3 of the 
memory that you will do from now on 
will be presented eo you in hexiideoimal 
form to simphfy the programming. Since 
each word in the memnry contains eight 
hits, it can hold two hexaJecimal digits. 
As you recall, hexadecimal digits are 
those sixteen states rspresented by all 
possible combinations of a 4-bit number. 
For each hex digit in the table of Fig. 
82-6, you will store in memory the binary 
equivalent in each 4-bit section of the 
word. For example, for miemory location 
A the contents in hex is 04; therefore, 
you will store the following binar>' word 
in memory: CMX30 0100. 



Once you have priigrammed the 
memor>' according tn Fig. 82-6, turn on 
the experimental chaviis. Refer to the 
T3b!e in Fi^- 82-7. This table shows you 
all possible combinations of the multi- 
plier and multiplicand inputs that can 
occur with two 2-bit binary numbers. Set 
the switch register swi:ches to the posi- 
tions indit^ated fur the muliipher and 
rnultipliciind. Record the 4-bit product in 
the space provided. Y'ou will monitor the 
product oo the four right-hand lamps on 
the lamp driver No. 2 board. Once you 
have filled in the table, convert all nf 
your binary numbers into their decimal 
equivalent. Then turn off the experi- 
mental chassis. 

Discussion of Step 2: Figs. S2-8 and 
S2-y show the results you should have 
obtained in Ibis step. If you entered the 
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multipliiJi and multiplicand properly in 
the switeh register and programmed the 
memnry correctly, then for each nf the 
two input numbers you should have 
obtained a product output displjyed on 
the hmp driver. 

The key to the operation of this 
multiplier is in how the memory has been 
programmed. If you will look carefully ai 
Fig. S2-8 yoii will see thai the 2-bit 
multiplier and multiplicand nuntbei!!, 
when combined, form a 4-bir binary 
number. These binary numberj are used 
to address a particular word in memory. 
The addressed memory location contains 
the product of the two numbers that 
constitute the address. 

Instmctioni for Statement 82: For ihii 
Slaierrient you will need to make y few 
changes in your e,tp*;rimentid Setup. First, 
completely disconnect the switch register 



from the circuit and set it aside for later 
use. Reconnect the l^our wires between 
lines A. B, C and D and ADRO through 
ADR3 on the Mt board as shown in Fig. 
82-1. The lamp driver No. 1 lines should 
siill be connected. In addition, i^itive the 
wire from the CLK input on the Ml 
circuit board from terminal 29 back to 
terminal 46. This will perniit yotj to step 
the counter with the black push button 
switch as you have dune previously. 

For this statement you are going tu 
apply the decimal numbers throiijjh 15 
in binary form to the re ad -only -memory. 
These numbers, of course, will come from 
the binary counter on the Ml circuit 
board. Turn on the experimencal chassis 
and step the counter with the black push 
button untit the lamp driver reads 0000. 

Now program the ROM according to 
the table in Rg. 82-10. Again the 
memory location or address and the 
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contents are given m hexadecimal not a 
tion. Be very careful in programming the 
memory to be sure that the switches ate 
positively se: to ihe up or down position 
as required by the program. 

Next step the binary counter, using the 
black push button switch for each of the 
numbers through 15, and record the 
output displayed by lamp driver No. 2 in 
the second column of Fig. S2-1 1. 

To interpret the output data that you 
obtain from the RO.M, you will assume 
that the 8-bit number stored in these 
memory locations consists of two whole 
number bits and six fractional hits, (n 
other words, the binary point for the 
number will be placed between the 
second and third bit positions from the 
left, By referring to Fl^, S2-J1, you can 
see that the output you should record for 
a zcto input is a serine of zero's. However, 
note the position of the binary point, The 
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tiumb^fs thai you will record in here will 
havf both integer and fnccional parts. 

After yuu haw recordeJ nli sixtesn 
S-bit output states, use you knowledge of 
the converaion of bm^ry numbers to thdii 
decimal form and nil in Ehe column 
provided in Fig. 32-1 1 with the decimal 
equivalent. Wlim you h:ive done this, 
s:udy the decimjJ output equirjjents and 
compare them to the decimal input num- 
ber. By obseiving hoth the input and 
output numbers, you should be abie to 
determine the reJationship between them. 

After you answer the statement ques- 
tion, turn off the e.\.periraental chassis. 
However, leavs you wiring a^ it is since 
the same circuit will be used in your next 
experiment. 

Statement No. 82: By carefully 
examining the output numhere obtained 
from the ROM in thi.^i statement, I find 
that the output number has the following 
mathematical relationship to the input 
number. 

(1) The number obtained by dividing 
the input number by 1 

(2) Square of the input number. 

(3) Square roor of (he input number. 

(4) Common logarithm of the input 
number, 

EXPERIMENT S3 

Purpose: To demonstrate several addi- 
tional applications of read-vniy- 
memories. 

Introductory Discussion: in the pre- 
vious experiment you saw bow the ROM 
could be used fur function generation 
and arithmetic processing. The RO.M is 
capable of many additional operations. 
In this experiment you are going to 



demonstrate the application of atl ROM 
performing basic logic operations, such 
as codti :;onver5ion. 

Experimental Procedure: .At this point 
you do not need to make any further 
changes to your experi mental drcuit. 
However, you will be required to 
modify the program stored in the 
memory. Complete instructions are given 
to you as to how to do this fr^r each 
step. 

Step [: To show how a read-only- 
memor>' can be used to perform basic 
logic functions and to implement 
Boolean rechniques. 

Program your memory according to 
the chart in Fig. 83-1, As before, the 
chart desii;nates cacli memory location 
and the contents of that location in 
hexadecimal notation. 



LOG 


HEXCONTE^JTS 





01 


1 


02 


2 


04 


3 


oe 


4 


10 


5 


20 


6 


40 


7 


80 


a 


00 


9 


00 


A 


00 


B 


00 


C 


00 


D 


00 


E 


00 


F 


00 



After you have programmed the 

memory according to the table, turn on 
the experimental cha.ssis. Step the black 
push button until the counter is in the 
0000 state, ther. step the counter 
through each of the sixteen states, 0000 
through 1 1 1 1 , and record the memory 
output for each condition in the table 
of Fig. 83-2. Hsimir.e your results and 
try to determine the function that the 
ROM is performing. It is a [;ommon 
digital logic function that you have 
studied before, so make every effort to 
recognise it and write the result in the 
margin of the text. Refer to your earlier 
lessons or kit manuals if you should 
need to do so. 



INPUT 


OUTPUT 


0000 
0001 
0010 
0011 
01 DO 
0101 
0110 
Dili 
1000 
1001 
1010 
1011 

noo 

1101 
1110 
Till 





F^. 63-L Pragram for Stc^ I. 



Fif. 83-2. Table fur Slept. 



Di^ussion of Step 1: The correct 
results for Step 1 are shown in Fig, 
8j-J. The ROM is performing the func- 
tion nf an octal or one-of-eight decoder. 
An output is generated fur only the first 



INPUT 


OUTPUT 


0000 


OOOGCOOl 


OC01 


D000G010 


001 c 


00000100 


0011 


00001 000 


0100 


00010000 


0101 


OO'OOCCO 


ono 


03 000CCO 


oin 


1 OOOOOflO 


1000 


OOCOOOCO 


1001 


OOOOOOCO 


1010 


00000000 


1011 


oooooooo 


1100 


OOOCDOOO 


1101 


OOOOOOOO 


mo 


OOOOOOOO 


1111 


OOCOQOOO 



Fig. 83-3. Results fur Step 1. 



eight states of the input. Since the 
left-most bit of tliis 4-bit input i:! a 
binary 0, we can consider the input 
word to be an oclal number. The ROM 
looks at the input number, performing 
the function of a decoder by enabling 
one of the eight nutputs. For example, 
with £1 000 input the 1(3 lamp is on, 
indicating that the lero state has been 
decoded. With an input of 001 , the II 
lamp is on, indicating that the 1 state 
has been decoded. \Mien the 17 lamp is 
on, the 111 state is decoded. The other 
eight states (1000 through 1 E 1 1) ire not 
octal numbers: therefore, the memory 
has beer progran".med not to respond to 
them. The output for these eight states 
should be all zeros. 

This decoder application of the ROM 
is a simple but frequently used one. It 
also clearly illustrates that the ROM can 
be programmed to implement any 
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Boolean Lit ge bra function. Wien a num- 
ber of logic sionals that are a function 

cf a certain numb<;r of logii.-ai input 
sisials are tt; be ijeneated, an ROM i^an 
he usid to implriment all of the signals 
th.it are functions of these inputs. In 
other words, virlu^lly any CHmbina clonal 
logic function can be implemented with 
the ROM. 

Step 2: Tu show how the ROM can be 
used to peifonn code conversion. 

Program the memory according to the 
table in Fig. 834. By now you should b« 
familiar *ith the hexj decimal pro- 
granrming scheme we are using, and the 
programming process should be simpler 
and quicker. 

When you hav?; programmed the 
memory, step (he cutinter with the black 
push button throujjli its sisteen states. 



LOG 


HEX CONTENTS 





00 


1 


01 


2 


02 


3 


03 


4 


04 


B 


05 


6 


Dfi : 


7 


07 


8 


03 


9 


09 


A 


10 


B 


11 


C 


12 


D 


13 


E 


14 


F 


ts 



INPUT 


OUTPUT 


0000 
OOOl 
GOTO 
0011 
0100 
0101 
0110 
0111 
1000 
1001 
1010 
1011 
1100 
110! 
1110 

nil 
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Fig. 835. Table Sar fiial pail of Step 2, 



OOOO through 1111, and record Ehe 8-bit 
output word for each step in Fig. 83-5. 

Next, reprognm the memory accord- 
ing to tha chart in Fig. S3-6. Step the 
counter through its sixteen states and 
record the 8-bii output of the memory' in 
the table prowded in Fig. 83-7. Turn off 
the experimental chassis. 

Now examine the results recorded in 
Figs. 83-5 and 83-7 and identify the 
output by comparing it with the binary 
input. Note your decisions in the margin 
of the text. 

Discussion of Step 2: This step show's 
how the ROM can be u.-jed to perform 
code conversion. By careTulfy studying 
the results that you recorded in Fig. 83-5, 
you should have found that the 8-bit 
output of the ROM shjalJ be interpreted 
as two 4-bit BCD digits. In other words, 
the binary input applied to the R.OM 
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HEX CONTENTS 





03 


1 


04 


3 


05 


3 


06 


4 


07 


5 


OS 


6 


09 


7 


OA 


8 


DB 


9 


OC 


A 


on 


B 


OE 


C 


OF 


D 


10 


E 


n 


F 


52 



T'n, 83-6. Proenm for accand part ot Step 2. 



INPUT 


OUTPUT 


0000 




000 1 




0010 




Qon 




0100 




aiGi 




0110 




0111 




1000 




100T 




1010 




ton 




1100 




1101 




ino 




nil 





from itie counter on the Ml circiitboat 

causes the equivilent BCD number to b 
reproduced at the 8-bi£ memor:.' outpui 

In the nex: progr:im ycu should hav 
found thar the ROM is converting a 4-bi 
binary number into its equivalent XS: 
code. Remember, to find the XS3 vilui 
of a number. lalce the decimal equivalen 
of the binary number, add three to it 
then convert it bacJi to binary. 

As you can see, it is very easy tc 
convert one code into another with ar 
ROM. The input code is simply applied tt 
the addrJ.^ing lines of the ROM. Tht 
input code then addresses some particular 
memory location where the desired out- 
put code for that input is stored. With 
such an arrangement, virtually any fonr 
of code conversion can be handled wilh 
an ROM, which further proves that virtu- 
ally any combinational logic network can 
be implemented with ari ROM. 

Instructions for Stalement 83: In this 
statement you are going to show how the 

ROM can be used as a special decoder for 
driving a seven -segment decinial display. 
Fig. 8J-8 shows a typical seven-segment 
decimal display. There are seven lighted 
segments labeled A through G. When we 
wish to display one of the 10 decimal 
numbers through 9, we simply turn on 
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Fig. &%-&. SB^ta-msgmtlU decimal di^U)'. 



m 



2$ 





BCD 


SEGMENTS 


DECS.MAL 


INPUT 


A B C D £ F G 1 





OCOO 




1 


ODOl 




2 


omo 




3 


001 1 




4 


0100 




5 


0101 




6 


0110 




7 


0111 




B 


1000 




9 


1001 





Fig, 33*. T4bl* for Statement 83. 



the appropriate segments of the display. 
Fnr example, to display the number 1 we 
would turn on segments C and F. To 
display th<^ number 6, we would turn on 
se^mmti A, B, D, E, F and C There 
wolIJ ht a light driver and lamp asio- 
ciiied with each of the segments. Our 
purpose lierc is to convert the 4-bit 8421 
BCD input code into seven signals that 
can be ysed to operate the light drivers 
for each of the segmentj in the display. 

To do this, simply consider the seven 
segment display in Fig. 83-8 and deter- 
mine which segments stumld be on for 
each of the decimal numbers through 9_ 
Rei;tird your results in the table in Fig. 
S3-9. Place a binary 1 under the lettered 
column corresponding to the lamp seg- 
ment that should be on for the specified 
decimal digit. All other segments v-ill be 
off, so record a binary in those 
columns. Once you have established the 
sequence in Fig. 83-9, you will readily see 
that you can use the ROM as a decoder to 
operate such a display. 

For ihi$ siatement question fill in the 
table in Fig. 83-10 giving in kexadedmal 
notation the contents of each of the 



desired memory locations for this appli- 
cation. Assume that the left or most 
si^nitlcant bit of your memory output 
always remains at 0, and that only ten of 
the sixteen memory locations will be 
used. 

After you complete the statement 
question you may proceed to the next 
expenment. Do not change any of your 
wiring until you are instructed to do so in 
yuur next experiment. 
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HEX CONTENTS 







1 




2 




3 




4 




5 




6 




7 




9 




9 





Statement .No. 83: The table representing the BCD to seven-segment conversion 
program is shown in Fig. 



(I) 83-11. 
(2} 83-12. 
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HEX CONTENTS 





7 


7 


1 


2 


1 


2 


5 


D 


3 


6 


B 


4 


4 


A 


5 


F 


6 


6 


2 


5 j 


7 


F 


7 


a 


F 


A 


9 


I 


2 



Fig. 83-11. 
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HEX CONTENTS 
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7 
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D 


B 


3 
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4 


A 


4 


5 


6 


F 


6 


5 


2 


7 


7 


F 
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A 


F 


9 


2 


1 



F^. 83-11. 



{3) S3-13. 

{4} 83-14. 
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2 
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5 , 
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7 F 
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7 B 



Fig. S3-11 
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5 
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A 
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F 


6 
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F 


A 


9 


2 


1 
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Fig. BJ-IO. Record your uiiir«f for Statecnenl 
63 tiere. 



26 



27 



Assembling the Al and A2 
Circuit Boards 



Before you ^;an proceed with the re- 
maining t?\p<rrimenls in this kit. you will 
need to assemble the Al ind A2 piinled 
;:irciJil boards. Tliese boards contain the 
arilhmelic i;ir(;!iitLy for the digital com- 
putdr thai you wiil biijld in the final kit, 
but you will Liiii? the lo.i^t: L:ireuitry and 
rej^isidra on ilitje boards in the experi- 
ments prior to this. 

ASSEMBLING TNC Al BOARD 

To assemble this board you will need 
the following parts: 

1 Printed circuit boord (EC34) 
1 100 mfd, 10- volt capacitor 
(CN112) 
44 Terminal lugs (HJ9) 
7 14-pin IC sockets (S084) 
1 16-pin IC socket (S0S6) 
7 ,01 mfd di.si: capacitors (CIM102) 
1 500 pf disc capacitor 
1 470 ohm, 1 /4 watt resistor 
IUI167> 

I 7420IC(3G6) 

1 7400IC(IGS) 

I 7404 1(;:(IG]2) 

t 74511C(IC9) 

1 7476 IC ((CIS) 

2 7495 1C's(lGJ6) 

ASSEMBLY PROCEDURE 

Insert tiw 44 terminal lugs m the 
labeled peripheral holes from the lop of 
the EC34 board. Press the tetrainals into 



the board so that they are seated pro- 
perly, and then uie your longnose 
pliers to crimp the terminil en the 
bottom of the hoard to hold it in plice. 
Sulder each of the rerminah on the 
bottom of the board, Also solder tfie 
terniinals un the top of the board where a 
copper pad appears. 

Install a jhort jumper wire, designated 
J I, on the top of the board directly to 
the left of [C4t. Bend a short piece nf 
bare hookup wire lo fit neatly into the 
holes, fiush with the hoard. Solder both 
connections and clip off the excess lead 
length. 

Install seven .01 mfd disc capacitors in 
the loca Lions designared on the circuit 
board. These are installeii adJEicenr to 
1C39, 1C4(], 1C41, 1C42, 1C44, IC4S, and 
1C46. Push the capacitor into the board 
from the top so that about 1/16' of the 
lead ia exposed above the board, then 
solder the connections, Ek sure to solder 
the leads on both the top and the boitoni 
of the board since these leads carry the 
power and ground connection from one 
side of the board to the other. Gip off 
the excess lead length. 

Install (he 470-ohm resistor and 500 pf 
disc capacitor in the localions designated 
below IC41. Bend the leads of the resistor 
close to the body and mount Ihi resistor 
so Ihat it is flush with the board. Solder 
both the resistor and capaciitor con- 
nections, then clip otT the excess lead 
length. 

Install a 100 mfd capacitor between 



terminils Gl and +5D- The positive ter- 
minal of Ehe capacitor should go lo the 
-I-5D terminal. Simply wrap the capacitor 
lead aroL[nd the appropriate terminal and 
clip off the e-dje.ss length after you iolder 
it. 

[nstall seven 14-pin IC sockets in the 
locations designated 1C39, IC40, IC41, 
1C4:, 1C44, IC45. and 1C46. Be sure that 
the notch in [he end of the SLicbet is 
aligned properly with the notch on the 
screening on the top oi the board. Check 
to see that the socket is pressed into the 
holes firmly and that it is set flush with 
the board. Solder the IC socket terminals 
using the thin solder supplied with this 
kit. 

Instali a 16-pin IC socket in locafion 
1C43. .\gain double check to be sure that 
the notch in the end of the socket is 
pointing in the correct direction. With the 
socket mounted Iliish against (he board, 
solder all 16 terminals wiih the thin 
solder. 

Install the integrated circuits (e.\cept 
the 74S0, IC46) a* designated on the top 
of the board in the sockets. The two 
7495 IC's are left over from Kit 7K. Be 
sure that each IC li aligned properly with 
respect to the socket and that it is pressed 
firmly into place to seat all pins. 

As a final step it is a good idea to look 
over the board carefully once you com- 
plete it. Make sure thit all of the com- 
ponenti are in place, the sockets are 
aligned properly, the TC's are set in their 
sockets correctly and all connections have 
been soldered. It is particularly important 
to make a check of the solder con- 
nections. Check to see tint the sockets 
are soldered and that there are no solder 
bridges between pins. Inspect the ter- 
minal I'jgs to be .sure they are .soldered on 
top of the board in thase places where 
copper pads are provided. 



ASSEMBLING THE A2 BOARD 

To construct this brard, you wilt need 
the folio wmg cumponent,s: 

1 Circuit Board (EC3S) 
I lOft mfd, 10 volt capacitui 
(CM 12) 
50 Terminal lugs (LU9) 

7 .0! mfd disc capacitors (CN 102; 
1 470-ohm, 1/4 watt resistoi 

(RE 167) 
1 .1 mfd disc capacitor (CN104) 
1 4. 7k ohm, 1/4 watt resistor 

(RE166) 

8 14-pin IC sockets fS084) 
1 1 6- pin IC socket (508 6) 

1 24-pin IC socket (S0S7) 

2 7400 IC's (IGS) 
I 7404IC(IG!:) 
I 7420IC(!C6) 

1 7423IC0CZI) 

1 74531C(IG19) 

2 !5S44IC'snG7} 
t 74fi01C(IG20) 

1 74198 IC (IG25) 

.ASSEMBLY PROCEDURE 

Install the 50 termin;;! lugs in the 
marked holes on the top of the circuit 
board. Press the terminals into place lobe 
sure that they are flush with the top of 
the board. Crimp each tsrminal with your 
longnose pliers on the bottom of the 
board to hold it frrtrfy in place. Solder all 
terminals on both the top and the bottom 
of the board. 

Install a short wire in the Jl, 12 and JJ 
positions as designated on the top of the 
board in the block labeled accumulator. 
Cut short pieces of bare hookup wire the 
proper length and install them m the J I 
and J3 positions, Use a short piece of 
insulated hookup wire at the J2 position. 



2S 



M 



ThiJi will prevfrit tlie jiimpet from acci- 
dentally shurEiiig tfie +5 volt line to 
ground. Bend she leids rieiUy so thii the 
jumper drops into ihe holes provided :ind 
rests flu-^h w!lh ilia bniird. Solder nil 
connections and dip ftff exce<5s lead 
length. 

ImtdU the 470-Qhjli resistor and .! mfd 
disc ::apadtar at the locations designated 
in th^ block bbdled accumulator. This is 
directly to the left of IC56. BemJ the 
resistor kads duse to tlic body of the 
resistor so th:it the resistor drups into the 
holes prowded and fits flush with the 
board, Tn.^tall the cjpjcitor so that about 
1/16" of lead is exposed above the hoard. 
Soldi;? the re.sistor and capaciEor leads 
and dip off any excess lead length. Be 
sure to solder the capacitor lead on top of 
the board where a foil pad is provided. 

Install a 4.7k-ohnfi resistor in the hales 
provided directly to the right of position 
IC5L Again bend the resi.stor leads dose 
to the body so that the resistor will drop 
into the holes and lay direcdy on the 
board. Solder the resistor leads and clip 
off the excess lead length. Solder the 
resistor at the pad provided on top of the 
board. 

Install the seven .01 mfd disc capat- 
itors in the locations designated. These 
are the positions directly to the rij;ht of 
IC47, IC4a, IC49, IC50, IC52. IC53.ftiid 
IC54. Drop the capacitor into the holes 
provided so that about 1/16" of the 
capacitor lead is e.vposed on top of the 
board. Solder the capacitor leads on both 
the top and the bottom of the board, 
then clip off any excess lead length. 

Install the 100 mfd electrolytic tapic- 
itor between terminals +5Cand Gl. Wrap 
the leads around the terminals and solder 
them into place, then clip off the excess 
lead length. The positive terminal of the 
capacitor should connect to the +5C. 



Install the eight 14.pin IC sockets in 
positions IC47 through IC53 and 1C56. 
The notches on the sockets should be 
aligned with the notches on the screening 
on top of the board. As before, be sure 
that the socket is mounted tlrmly in 
place, flush wiih the beard before you 
soider the pins on the bottom. Use the 
thin solder and the small tip, low wattage 
Soldering iron to make the solder con- 
nectinns- Be extremely careful not to 
cause solder bridges between adjacent 
terminals, hut use enough heat and solder 
to thoroughly cover the connection, 

Install a Ifi-pin IC socket in location 
IC55. Be 5Ure that the notch is ali(3ied 
properly with the screened designation. 
Be sure that the socket is flush with the 
top of the board, then solder all 16 pins 
with the thin solder. 

Install a 24-pin IC socket in locstion 
IC54. This socket cannot be used exactly 
as it is supplied. The two sections con- 
taining the pins must be broken apart 
from one another. You can use your side 
cutters to cut tlirougli the soft plastic 
holding the two strips together. Trim the 
excess plastic from each strip. Fig. 3 
shows the before and after veisions. Next, 
install the two 12-pin strips in the 1C54 




position. Solder all 24- pins with die thhi 
solder. 

Install the desianiteJ IC's in the appro- 
priate sockets. Note the alignment of the 
notch in the socket and the IC so that 
they correspond- Press each IC firmly 
into its socket so that it makes good 
connection. When installing the 24-pin 
IC, align pin 1 of the IC with the number 
I screened on the hoard. 



Double check all of the connections on 
the circuit board. Be sure that you have 

soldered all terniina! lugs on both the top 
and bottom where designated. Also check 
all of the sdder coiuiictions on the IC 
sockets to be sure that there are no solder 
bridges between adjacent pins. When ycu 
have thoroughly examined this board, 
you are ready to continue the experi- 
ments in this kit. 



Fig, 3, Pirpiring (Ii« 24-pm JC sodi«t. 
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Performing Experiments 
84 Through 88 



EXPERIMENT 84 

Purpiyxe: To demonstrate the principles 
of binary addtcion and examine severd 
methods of accomplishing this function. 

Introductory Discussion: Binary iddi- 
tiun is Ihd basic function performed 
wilhiri the arilhmeli;; section dF any 
digiljl compuier. Other arithmetic func- 
tions such as iubtriciion, multiplication, 
and division ar? often performed by 
adding complemsnEs, using sutcessivs 
additions, or by using jucces^ive additions 
and subtractions. Since binary addition is 
so fuitdarrieiital to all diptoi conipu- 
talioiis, it is extremely important for you 
to understand exactly how it is per- 
formed. 

In this experiment yau will demon 
strate single-bit half adder and full adder 
circuits, You will actually wire a haif 
adiler circuit using NAMD gates and 
demonitrate its operjtion. However, tlie 
full adder circuit that you will demon- 
strate wdl be coritained within a single IC 
and will not require extensive svirmg. You 
will also demonstrate hnw two binary 
words can be added serially. 

E.xperimental Procedure: Before you 
can begin tliJs experiment, you muiit 
partially disassemble the circuii ihat was 
used in your last experiment. First dis- 
connect the reactive summing network 
from lertninals S^ through 33 on the M3 
circuit board. Also remove the wire 
coming from this network from terminal 
KIA of tlie experimental chassis. Next, 



disconnect all ul" the wires on the M3 
board including the red and bbck power 
attd ground leads, whicii will also be 
dtsconnt'ctid from the experimental 
chassis. Set the M3 board aside for 'jse m 
the next kit. 

Now remove all of the wires on the Ml 
circuit board, except the red and black 
power and ground leads, wliich shouid be 
disc on n Bitted at the experimental chassis. 
Set the Ml board with its attached power 
and ground leads aside for later u^e. Next, 
disconnect lamp driver No. 2. Simply 
disconnect the power and ground leads 
associated with the board from the ex- 
pertniental chassis. Set the lamp driver 
board with Its attached power and ground 
leads aside for later u^e. The power and 
ground leads associated with the lamp 
driver No. 1 should remain connected to 
the experimental chassis. Tue yellow 
wires coming from this board should hang 
free at this time. 

Remove ihe loose wire from terminal 
46 of the experimental chassis. Then 
unsolder the lOOk-ohm resistor between 
terminals IC14 and [CI -10, the l.Sk-ohm 
resistor and .005 mfd capacitor between 
lCl-3 and lCl-12, the 200 pt" capacitor 
between ICl-9 and ICMO, the 1 00k -ohm 
resistor between terminals 42 and lCl-10, 
and the .1 mfd capacitor between ter- 
minids 42 and 40. Remove the wire from 
lerminals 9 and lCi-6. Ne.^it remove the 
red wire from terminals 13 and ICl-11, 
immediately reconnecting this same wire 
between terminals M and lCl-14. Also, 
move the ground wire from terminal 
ICl-5 to terminal iCl -7. 
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Fig. 84-1. Circuit for Step I. 



You can also remcvs the 709 IC from 
the ICl socket and set it aside for later 
use. However, the 7420 IC should remain 
In the (C2 position. 

Wire the drcLiit shown in Kig, S4-1. 
Using short pieces of black hookup wire, 
connect the lerminals of ICl exactly as 
shown. Connect terminals I and 12, 2 
and 5, 3 and 4, 3 and 13, 9 and i I , and 
also G and 10 of ihe IC. Then connect 
terminals 9, 10, 12 and 13 of lC2 using 
short pieces of black hookup wire. Con- 
nect terminals lCl-3 and 1C2-10, then 
connect your switch regis ter as shown - 
Connect the yellow lead, coming from 
the exErenie right switch (designated S(}) 
to terminal ICl -5. Connect ths switch 
next to the right-most switch (designated 
SI) to terminal ICl -12. Also be sure la 
connect the power and ground leads 
coming From the switch register Id ter- 
minals .^3 and 50 nn the experimental 
chassis. Now complete your wiring by 
connecting the LQ input lead on the lamp 
driver board to terminal ICl -8 and the Ll 
input lead to terminil iC2-S. The re- 
muning input leads on the lamp driver 
board and the remaining leads on the 



switch register will not be used. As a last 
step, insert a 7400 IC into the ICl socket. 
Be sure that (he IC and socket notches 
are properly aligned. 

The experimental circuit i.> now pro- 
perly wired and you are ready to proceed. 

Step I: To demonstrate the operation 
of a half adder. 

Turn on the e.\peri mental chtissis and 
set switches SI and S0 to the down or 
binary position. Thss will apply a binary 
to the A and B inputs of the experi- 
mental circuit. Observe the indication of 
lamps 1(3 and II . Lamp 10 is being used to 
monitor the 5 output of the circuit and 
lamp II is used to monitor the C output. 
Keeping this fact in mind, recocd the 
binary output states of tfie S and C 
outputs in ihe spaces provided in Fig, 
84-2. 

Use the switch register to apply the 
remaining input combinations as shown 
in Fig. 84-2 and record the resulting S 
and C output levels as indicated by the 
lamps. WTien you have completed this 
chart, turn off the experimental chassis. 
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Fig. H4 2. Chart for Step I. 



Discussion of Step I; The circuit that 
you wired is referred to as a half iildcr, 
capable of adJing (wo binary bits (A and 
B) to pradui^e a sum, S, and also a. irarry, 
C, whriQ applicable. BasicaJly Lhe circuit is 
nothing more than an exclusive OR. gate 
and a separate inverter. All four of lhe 
gatos in the 7400 iC arc used to perform 
the exclusive OR fanetion and one of the 
gates in the 7420 [C is used as the 
itivcrter. Tlie ext-Iusive OR produc:es an 
output that is equal tu the sum.S, of the 
two binary inputs, A and B. The output 
of the exclusive OR may be expressed as 
S = AB + AB. The inverter provides the 
carry output, C. The carry output may he 
represented by the expression C = AB. 
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The truth table that you completed for 
this step should contlrm the fact that the 
circuit does indeed add two binary bits 
and produce a carry when necessary. 
Notice that the sum output, S, will be a 
binary when bath inputs are at a binary 
0. When one input is a binary and the 
other a binary I , the sum outpuf will be a 
binary 1, Hcwever, when both inputs are 
at a binar>' L the sum output will be a 
binarj'' and a binary 1 will appear at the 
carry output, C. Notice that a binary I 
appean at the carry output only when 
both inputs are it a binary 1 . These 
conditions satisfy all of the requitenients 
for binary addition. 

Although the circuit shown in Fig. 
84-1 is, capable of providing binary addi- 
tion, its application is limited to situa- 
tions where only iwu 2-bit bir.ary num- 
bers must be addi^d. In other words only 
two inputs, A and B, are provided. This 
means that the eirCLiit cannot be used to 
adJ niultiple-bil binary numbers because 
there is no v^jy of handling the carries 
wluch may occur from each pair of bits 
thiit are added. Since the circuit has this 
limited capabUiiy, it is usually referred to 
as a half adder. 
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Fig. 84 a. Circuit Sor .Step 3. 
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Sfep 2; To demonstrate the operation 
of a full adder. 

Construct the experimental circuit 
shown in Fig. 84-3. First remove all of 
the wires on the terminals of the ICI 
socket except the -^5 volt and ground 
leads on terminals ICM4 and ICl-7. 
Connect the yellow wires conung from 
switches SO, SI and S2, as shown. 
Remember that switch S? is the right- 
most switch in th: register. You will again 
be using one af the XAVD gates in the 
7420 IC. Til is gate is already wired m the 
[C2 position; however, you must connect 
the wire coming from the terminal IC210 
to terminal IC14 as shown. Also you 
must reconnect the L0 input lead from 
the lamp driver board to termin^il ICI -5. 
Tliis will allow you to use lamps 10 and H 
to monitor the outputs from the experi- 
mental circuit. Finally, you must remove 
the 7400 IC from position ICl and in its 
place instail a 74S0 IC. 
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Notice that your e.-i peri mental circuit 
has three inputs labeled A, B and Cj.and 
two outputs labeled S and C„. For this 
step you will apply the various input 



binary combiEiaiioiis shown in Fii;. 3'i4 
to the expetimentai circuit. You will use 
switcheii S2, Si, and S0 in the switch 
register to apply inputs to the A, B and Cj 
inputs of the e.^cpe^: mental circuit. You 
will monitor the S ar.d C^ outputs on 
Ismps 10 and U on the iamp driver board. 
Now turn on the cxpeTimenial chassis 
and apply the various input conibimtitins 
shown in Fig. 84-4. Notice the indications 
of lamps IQ and II with each input 
combination and record yaur results in 
Fig, 844, Remember than an on lamp 
indicates a binary 1 and an off lamp 
indicates a binarv' 0, After you complete 
the chart sliown in Fig. S44, turn off the 
experimental chassis. 



Discussion of Step 2: In this step you 

demonstrated the operation of a full 
adder, capable of adding two I -bit num- 
bers, A and B, plus a carry input, Cj. The 
circuit produces a sum output, S, and also 
a carry output, C^. 

The 74S0 IC that you used in this step 
contains the full adder circuit; however, 
the carry output from this intejirated 
circuit is inverted and is, therefore, repre- 
sented by the symbol (^ in Fig, 84-3. 
The NAND gate in the 7420 IC is wired 
as an inverter, used to invert the carry 
output to its normal condition which is 
represented by the symbol C^^. The sum, 
S, and the normal carry output, C^.^^'cre 
monitored by lamps; 10iind !l respec- 
tively, while switches S(3, Si and S2 were 
used to apply the various input com- 
binations to the ,\. B, and C. inputs. The 
symbols C, and C^ should not be con- 
fused. They are used to distinguish 
between the carry input applied to the 
full adder and the carry output produced 
by the circuit. 
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Fig. BIS. Cirtuil for Step 3. 



Step 3: To jhow how serial addition of 
multiple bit numbers ts performed. 

To pertonn tliis step you must con- 
struct the circuit shown ir. Fig. 84-5. 
However, before you can assemble tliis 
circuit, yuLi mujit partially disasssmble 
the e^perimentjl circuit tlut you used in 
tlie previous step. Fir?5i remove tlic switch 
register input lejds tliit are connected to 
the terminals on the experimental chiissis 
PC boarJ. This will allow all of the sk+ltch 
register input leads to hang free. Remove 
the L0 and LI input leads from temiinals 
ICl-5 and IC2-8. All of the input leads to 
the lamp driver buard should hangfttc at 
this time. The wiring associated with 
positions [CI and IC2 should not be 
changed. The ICl and IC2 positions will 
not be used again until you start the next 



experiment, at which time you will mak3 
the necessary changes. Remove the 7480 
IC from position ICl and install it in 
socket IC46 on the Al circuit board. 

Wire the cirmit showTi in Fig. 84-5. 
Study this figure carefully and wire tlie 
circuit exactly ai shown. Notice tliat you 
^vili need both the Al and A2 circttit 
boards. You will also need the switch 
register, both of your lamp driver boards, 
a red push button switch, an alligator 
cUp, and some yellow and biack hookup 
wire. You will hai.'e to connect red and 
black leads for the +5 volt and ground 
leads for both the circuit boards. The +5 
volts is available at Csnninals 53, 43, and 
33 while terminals 50, 40, and 30 are 
connected to ground. 

Notice that some of the terminak oti, 
the Al board must be connected together 



and then grounded to the G2 [ground J 
terminal on that board. The same is -ihu 
true on the A2 board. W'hi^n ycu make 
these connections, use short pieces of 
hlaclc hookup wire, ftlren you curincct 
the red push button switch, use a 12-inch 
piece of vijUow hookup wire Lo connect 
tn terminal A of the switch. Connect 
terminal C of the switch with a 1 2-mch 
piece of black hookup wire. The alligator 
clip may be connectsd with a 12-inch 
piece of black hookup wire. Also, you 
should use a short piece of the biack 
liookup wire tn connect the .Mi3A and 
BE13 terminals vn the Al circuit board. 
Black hookup wire is also used to connect 
the three CLK terminals to.ifethef and to 
connect these terminals to terminal 46 oti 
the experimental chassis PC board, Ter- 
minal *6 is the output of the buffered 
latch circuit. You will use the buffered 
latch and its associated pusii buttou 
switch to provide cluck pulses to the 
experimental circuit. Be sure to connect 
the two CLK tcrntinals together between 
temiinals A.SfJand R9A on the Al hoard, 
Check your circuit again to he sure that it 
is properly connected. Check each wire in 
the circuii againsi Fig. 34-5. 

You may wish to refer to the two logic 
diagrams (insert sheet) of the Al and A3 
circuit boards to verify your wiring and 
to see exactly what the circtiit consists of. 



Refer to these diagrams as you run ihi 
experiment and read the relatei; 
discussion. 

Now. turn on the experimental chassis 
Set aQ of the swlt[;he3 in the switcl 
register to the down <;: bl-iary position 
Next, depress the red paiallei Load pus! 
button (connects to terminal ML.\^ 
momentarily, Tnis operation will allow 
you to parallel load binary O's into tht 
accumtilator on the Al board. All of the 
lamps that ate connected to terminals Aij. 
through .1^7 on the A2 board should ht 
off at this time, indicjtini^ that Ihd 
accumulator has been cleared. 

Insert the Hrst ut two numbers to be 
added (tiie augend) into the switch 
regis ter. Set the switches as shown for the 
augend in Fig, 84-6. Notice (hat the 
aLigend has a decimal value of 25. Push 
and release the parallel load push button, 
which will load the augend into the 
accumulator. The augend should now 
appeat on the lamp driver board that is 
connected to the A2 board. Check to be 
sure that the number indicated by the 
lamps is identical to the number you set 
into your switch register L^isrcgard the 
number displayed by the lamps con- 
nected to the .W board- 
Next momcmtnrily depress and release 
the black clock push button eight times. 
Titii npe ration Will sluft the ::on tents of 
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the accuniulatoT (tKe augend) Into the B 
shift register on the Al board. At the 
same time the random number already in 
the B register will be added to the 
number you are shifting out of the 
acciiTnulator. This sum will be recir- 
culated into the accumulator, so disregard 
the display of the lamps connected to the 
A2 board at rhij time, The augend should 
now appear on [he lamp driver board that 
is connected to ihe A I board. Check to 
be itire that the number Indicated by the 
lamps on this board is correct. 

Set up the secand number (the 
addend) with ihe switch register. Set t!ie 
switches as shown for the addend iri Fig 
84 6. Notice that the addend has 3 
decimal value of 12. Push and release th* 
parallel load push btitttm, loading the 
addend into the accumulator. The addend 
should now appear on the lamp driver 
huard that is connected to the AJ board. 
Oieck to be sure that the number indi- 
cated is correct. 



Momentarily touch the carry storage 
flip-tlop reset control aSligator clip (on 
terminal ASD) £0 terminal G2 of the Al 
circuit board. By momentartly grounding 
this alligator clip, you will clear the carry 
storage flip-flop. 

Now apply eight clock pulses to the 
circuit by depressing and relearing the 
black push button eight limes. This 
operation wil cause both the augend and 
the addend lo be applied to the full adder 
and the resulting sum will be returned to 
the accumulator. Observe the binary 
number that is displayed on the lamp 
driver board connected to the A2 board. 
Tills number represents the sum of the 
augend and addend. Record this binary 
number in the space provided in Fig, 
S4-6. Be sure to keep tnck of the MSB 
and LSB positions in this number. Deter- 
mine the decimal value of the numlier, 
recording this value in the appropriate 
column of Fig. 34-6. Turn off the experi- 
mental chassis. 



Diiicussion of Step 3 : A block Jiaj^ram 
of [he circuit thai you constructed in this 
step is shown in Fig. S-i-7. Except for the 
buffered latch circuit ■^'fiich supplies the 
clock F^LSss, the entire experimental cir- 
cuit is contained on the Al and A2 
circuit boards. Notice tbit the switch 
rejrister is connected to the iccumularor 
so that the input data may be loaded in 
parallel torm. The lamp driver board 
connected tn the accumulatnr monitors 
each binary bit that is stored. Tlie B shift 
register is also used in the circuit and each 
bit that is stored in this register is 
monitored by the other lamp driver 
board. The serial outputs from the 
accumulator and the B register are [:on- 
nected 10 the inputs of a full adder. The 
sura output of the full adder is connected 
to the serial input of the accumulator, A 
carry storage tlip-tlop is connected be- 
tween the Q (inverted carry output) and 
the Cj (carry Input) ;if the full adder. 
V^hen a carry occurs, this flip-flop will 
store the carry temporirily and add it to 
the next pair of bits to be added. 

Notice in Fig. 84-7 that the sum is 
returned to the accumulator input. In 
other words, the output (sum) of the full 
adder is shifted back into the accum- 
ulator in serial form one bit at a time. As 
tbe addend is shifted out of the accum- 
ulator, the sum is shifted in. After the last 



clack pulse was applied, the accumulator 
should have contained the sum of the 
augend and addend, as indicated by the 
lamps on the iarnp driver board rhat was 
connected to the accumulator outputs, 

Check to be sure that you obtained the 
correct sum. Since the augend had a 
decimal value of 25 and the addend had a 
decimal value of 12, rhe sum must be 
equal to 37. 

Instructions for Statement S4: For this 
statement you will add two binary num 
bers using the circuit that you wired io 
the last Step. You will folJow the same 
procedure that you used before. 

First turn on the experimenuj chassis, 
then add the augend and addend that are 
shown in Fig. 84-8, following the same 
procedure that was outlined in your last 
step Record the resulting sum in the 
space provided in Fig. S4-S. Determine 
the decimal value of the augend, the 
addend, and the sum and record ihem in 
Fig 84-8. Now turn off the experimental 
chassis and answer the statement ques- 
tion. 

After you answer the statement 
question, prciceed to youi next experi- 
ment- Do no! change any of the wiring 
associated with your experimental circtJit 
until you are instructed to do so in the 
next expenment. 
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Sratemen: No. 84: When [ add<?d the 
two numbers specified. [ found fiuil the 
augend had a dec[m:il value of 

in 65 

(3) 58 
and the addend hud a decimal value of 

{}} 78. 

(2) 70. 
I3j 60. 

Thv lesulting !ium hud a binaiy value of 

fll lOOOWOO 

f2j lOOOOllI 

(3) lOQOGOOO 
f4J 1 000 111 

and 3. decitna! laLue of 

fIJ M3. 

(2) 136. 

(3) 135. 

(4) 128. 

EXPERIMENT 85 

Purpose: To demonstrate the pnnaplei 
of binary subtraction and examine several 
methods of accomplishing this f tine t ion. 

IntrotJuctoty Discussion: En the pre- 
vious expennient you saw how binar>' 
addition W3S performed. You will now 
construi:t several e.\perimental circuits 
which may be used to perform binary 
subtraction First, you will build a half 
subtracior circuit using NAM) gates and 
demonitrate its opf ration. Finally, you 
will use the Al and A2 boards to demon- 
strate the principles ofseriaJ subtraction. 

You may wiih to refer 1o your regular 



NRl lessons :is you peifortn these experi- 
ments, particularly lessnn K4n. Take 
your time to perform each 5tep according 
to the instructions given. This subtraction 
experiment and the previnus experimenr 
on addition are extremely miportmt 
ones. You must understand the tech- 
niques used to add and iubtract binary 
numbers before you an consider the 
more complex operations of multi- 
plication and division. 

Experimental Procedure: Before you 

begin this expcriitient, you must partiaEly 
disa&sembk the circuit that is now wired 
on your experimental chassis. First , 
remove the whe connected between. ', 
ICM and IC2 10. Remove the wire be- I 
tween IC2-12 and 13. Leave the +5 volts 
and ground connections on both IC f 
sockets, and the lead connected between ' 
ia-9 and 1 0. Remove the 74Z(1 IC from 
the experimental chassis and install a 
7400 IC at each position. Now wire the 
Circuit shown in Fig. R5-1 . Yon will also 
find it necessary to disconnect the two 
switch register leads and two of the lamp 
driver leads from the A2 circuit board 
and reconnect them as shown in Fig, 
8S- 1 . Do not change any of the remaining 
wiring associated with the A I and A2 
boards, since they will be used later in 
this experiment and the necessary wiring 
changes will b& made at that time. 

Step 1: To demonstrate the operation 
of a half sub tractor. 

Turn on the experimental chassis. Set 
switches SO and SI to the down or binary 
position. This will apply a binary to 
the A and C inputs of the experimental 
circuit. Observe the indicahon of lamps 
10 and II. Lamp l\ is being used to 
monitor the D output of the experi- 







F%. SS-1. Circuit used for Step 1. 



mental circuit and lamp 10 is being used 
to monitor the B output. Keeping this 
fact in mind, record the binary output 
states of the D and B outputs in the 
spaces provided in Fig. 85-2. Use the 
switch register to apply the remaining 
input combinations as shown in Fig, 85-2, 
and record the resulting D and B output 
state.'! IS indicated by lamps II and 10. 
After you complete the table, turn off 
the experimental chassis. 
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Discus-sion of Step 1 : The circuit that 
ynu wrired in this step is referred to as a 

half subtractor. This circuit is capable of 



subtracting a binary bit. C. from another 
binary bit. A, and producing a difference, 
D, as well as a borrow output, B, when 
applicable, Basically, the circuit consists 
of an exclusive OR gate wish an addi- 
tional inverter and an AND gate. The 
exclusive OR gate is formed by the four 
NANO gates in ICl. One of the NAND 
gates in IC2 is used as an inverter while 
two of the N.ANH gates in this IC are 
connected as an AND gate. The remaining 
NAND gate in 1C2 is not used at all. 

The output of the exclusive OR gate 
may be expressed in Boolean terms as D = 
AC + AC Since an exclusive OR gate is 
also used in a half adder circuit to 
produce a sum (S) output, the $um (S) 
output of the half adder circuit will be 
identical to the D output in the half 
subtractor circuit. Tlie letter D, however, 
represents the ditTerente between the two 
btnar>' input bits rather than the sum, in 
other words, for various input combi- 
nations the D or difference output of the 
halt subtracter used in this step v^ill be 
identical to the S or sum output of the 
half adder circuit that you wired in the 
previous experiment. 
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Fig. 85 3. Full Sub trie tor. 



The B Of fciorruw output of the half 
sublractor is taken frtim an AND gate 
which is rormed by two of the NAND 
^diai in 1C2, The C input is applied 
dkeetly to this AND gite, however, the A 
input is inveitijJ by another NAND gate 
bet'ore being applied to the AND gate. 
Tha B or borrow output may be ex- 
pressed in Boolean terms as B = AC. 

[n this step you applied vanoui input 
com bin at ions to the inputs of the experi- 
mental half subtractor circuit using the 
switch register and ob&ervtjd ihe outputs 
on the lamp driver board. 

A full subtractor circuit and its asso- 
ctiied truth table is shown in Fig, 85-3. 
Notice that this circuit uses a borrow 
input (B[) along with the minuend (A) 
and subtrahend (C) to generate ihc: dif- 
ference (D) and bottow (S^,) outputs. 
Unlike thi half subtractor you just con- 
siructed. a numbe; of these citcuils can 
be connected together to form a 
multiple-hit subtractor. 



You will nut construct and demon- 
strate the operation of this circuit since it 

is not often used in a computer. Sub- 
traction is usually performed by comple- 
menting the subtrahend and adding. 

Step 2- To demonstrate subtraction 
using 2's complement addition. 

You will be using the Ai and A2 
circuit boards in this experiment. Dis- 
connect the SC and SI switch leads from 
the experimental chassis and reconnect 
them to the A[0 and All terminals on. the 
A2 circuit hoard- Next, remove the L0 
and LI lamp leads from the eitperi mental 
chusiis and reconnijct them to the A0 and 
Al terminals on the A2 circuit board, It 
will not be necessary tn disconnect the 
remaining wires from the ICl and lC2 
terminals at this rime. Wire your .M and 
A2 circuit boards as shown in Fi^. S5A. 

Only a few wiring changes will be 
required since the A I and A2 boards are 
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fig. 83 4. Cireuil for Step 2. 



Still connected as they were for Experi- 
ment S4. Chingss will be made on the At 
circuit board only. Disconnect the wire 
between terminals BKS and MUA at 
terminal BE0, Connect the end of this 
lead to terminal SUB. Disctmnect the 
alligator clip lead froin terminal .ASD. 
Tack-solder the end of this lead to the 
end Df the 470-nhm resistor nearest IC4 1 . 
Use another piece of hookup wire to 



connect terminii B? tu tenninal DCA 
Check your connections sgainjt Fig. S5-4 
la be sure they are correct. 

Turn or the e.\pe:imental chassis 
Enter the subtrahend into Ihe switch 
regis[er as shown in Fig. 8 5-5. Push the 
parallel load push button monientarily tc 
transfer the con'ents of the switch 
register tn the accuiriulator, Check the 
display on the accumulator lamp driver 





BINARY CODE 
MSB LS8 


DEC. 
VALUE 


MINUEND 

SUBTRAHEND 
DIFFERENCE 


110 110 
1 T 1 Q 


54 
.22 
32 



Fig, 83-5, ChartforS[*p2. 



buard tu bi sure [hit the luiinber has 
been sntered coiteccly. Now press the 
clock pu^ih button eiaht times. Nocks 
thai the numbsr in the accumuiator hiS 
been trinsterred to tlie B register. Clidk^k 
thtf B register display to be sure thac the 
number is still correct. 

Enter the minuend into the switch 
register. Push the picaliel luad push 
button momentarily. Check tiie accu- 
mulator display to be stirs the mintietid 
has hesn correctly eiitertsd. Notice that 
the minuend is stored in ihe accumulucor 
and the stjbtrahend is stored in the shift 
register. 

Momentarily touch the alligator ciip 
lead (attached tu one end of the 470-ohm 
resistor) tc +5C. This wiJl set the carry 
flip-flop, Again press the clock push 
buttun eight times. Examine the number 
stored in the atrcumulator. Write this 
number in the space provided in Fig. 
85-5. .^fter you have entered the result, 
turn off the experimental chassis. 

Discussion of Step 2! The circuit ygu 
wired fur this experiment performs sub- 



traction by adding the 2's complement of 
ihe subtrahend to the minuend- Let's see 
how this is accomplished. 

A block dias;ram of the circuit is showTi 
ip. Fig. S5-6. Refer to this ijiagram as you 
study the circuit operation. In perforn-jng 
this experiment the subtrahend is en:ered 
into the switch regi.ster, then transt'erred 
to the accumulator. By appling eight 
clock pulses to the accumuiator and shift 
register while holding the shift right push 
button down, the number is ttansferred 
to the B register. Next, the minuend is 
entered into the switch register and 
loaded into the accumtibior. The 
minuend and subtrahend are stored in the 
accumulator jnd B register re.iioectively. 
The next application of eight duck 
pulses will cause these numbers to be ap- 
pLed serially to the full adder circuit. 
The difference will be stored in the 
accumulator. 

Notice how the 2's complement of the 
subtrahend is generated. The output of 
the B register is applied through an 
inverter to the input of the full adder. 






BINARY CODE 
MSB LSB 


DEC. 
VALUE 


MINUEND 

SUBTRAHEND 

OlFFtRENCE 


10 10 

1 C 1 1 1 





Fi^, H.5-7. t.hart fnr 5t:irfwflnt 65. 



Fig. U5-6- Bto«k i'la^am nf «irctiit used in Slep 2. 
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This will automatically form the I's 
complement of the number. By initially 
setting the carry storage flip-flnp, a 
binary one is applied to the carr^' input of 
the full adder. Tltis mtisl be done at the 
beginning of the stibtrLict operation. 
Adding a binary one to the LSB of I's 
complement of a number will produce 3's 
complement of the number. Thus, the 
final shifting operation is actually causing 
the minusnd and 2'i complement of the 
subiiahend to be applied to the full 
adder, resulting in the correct difference 
being stored in the accumulator. 

Instructions for Statement 85: For this 
statement you will be subtracting a large 
number t>om a smaller number. Be sure 
to carefully consider the result before 
answering. 

No wiring changes will be required. 
Enter the minuend and subtrahend 33 
shown in Fig. 85-7 then perform the 
subtraction u.?ing the procedures just out- 
lined. Record the result in the space 
prow Jed. Turn the experimental chassis 
off and answer the itatement questions. 

Statement No. 85: The binary number 
stored in the accumulator after the sub- 
tree tiun wa^: 

(1)0100! II!. 
(2)10110001. 



(3) oi 00 1 no. 

{4} lOHOOOO. 

The decimal equivalent of the dif- 
ference is: 

(1)177. 
(2) -79. 
(3)215. 

14} -1 77 

EXPERIMENT 86 

Purpose: To build and demonstrate a 
binary nudtipUer. 

Introductory Discussion: Binary multi- 
plication can be accomplished in two 
basic ways. By using the standard adder 
circuit, multiplication can be accom- 
plished by repeated additions. The multi- 
plicand is simply addsd to itself a number 
of times indicated by the multiplier. The 
result is the conect product. .Another 
way of producing multiplication of 
binary numbers is to use an add and shift 
technique. In this scheme, we essentially 
duplicate the peacii and paper method of 
multiplying binary numbers that you 
studied in an earlier lesson. Partial pro- 
ducts of each of the bits In the multiplier 
are obtained and sliifted with regpect to 
one another, then added. The result is th*; 
correct product. 
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Wliile idder an J iubtraiTEor circuits ar; 
relatively simple, the circuits for binary 
multiplication are of necessi:y much 
more complex. You will find tliis to be 
true in this lixperiment :is yuu construct -a 
binary multiplier using the mid and shift 
technique. With the circuitry that you 
will assemhle, you will be able to mul- 
tiply [wo S-bit numbers and produce i 
16-bit product. You -will use much of the 
circuitry that you h.ive alrftady tjsed 
before. Since chertf will be quite a bit of 
wiring in this expednicnt, yuu should 
take care in wiring the circuit. It takes 
only tine wiring mistake to cause the 
circuit to malfunction. Be extremely care- 
ful in your wiring-, follow the directions 
e.xplicilly. To avoid confusion and to 
mininnize errors, keep your circuitry neat. 
Place the printed circuit boards as close 
to one another as possible and keep the 
wiring neat and straight. 'Phis wll not 
only aid in the wiring process but wilJ 
also petmit you to easily loaaie all gf the 
pertinent points in the circuit. 



Experimental Procedure: The circuit 
thjjt you will use in this experiment is 
shown in Fig. 86-1. You will use the M2, 
Al, and A2 boards. You will also need 
the experimental chassis and the two 
lampdnver boards. 

Make the following changes on the Al 
board Remove the ground wire from 
termi nal M DA. Move the lead from ter- 
minal DCA to terminal MDA, and remove 
the clip lead from the 470-ohm reiistor. 

Make these changes on the A2 board: 
Connect a Icngtli of hookup wire from 
terminal ASD to terminal T7. Connect a 
short length of hookup wire from ter- 
minal ilLT to terminal G2. 

Take the M2 board and connect the 
ri^d and black power and grnund leads to 



terminals 53 and 50 respectively cf t:ie 
e^;pe^ilmental chassis. 

Solder a length of hookup wire from 
terminal CLK of Ml to terminal PAUS on 
the A 2 hoard. 

.Solder a length of hookup wire from 
terminal E0 of Ml to terminal ADD on 
the Ai board. 

Solder a length of hookup wire from, 
[einiinai A3N of M2 to terminal A0 on 
the A2 board. 

Solder a length of hookup wire from 
terminal T7 of A2 to terminal .\SD on 
the A I board. 

Take the other red push button switch 
and solder a length of hotjkup wire equal 
Li length to the two leads already m 
place to tcrininal B of the switch. Solder 
Lhe A, B, and C leads of this switch to 
terminals C2, -^5A. and SMC respectively 
on the M2 hoard. 

Remove all the leads connected toICL 
on the e.xperimental chassis with the 
exception of ground and +5 volts at 
terminals ICl-7 and ICI-14 respectively. 
Using short lengths of hookup wire, 
connect the following terminals; 

lCI-1 to lCl-6 
ICl-3toICM. 

Take the black push button you re- 
ceived with this kit and connect lO" 
lengths of hookup wire to terminals A, B, 
and C of the switch. Solder the A lead to 
terminal lCl-2. Sulder the B lead to 
terminal ICl-S and the C lead to terminal 
ICl-7. 

Connect a length of hookup wire from 
terminal lCl-6 to terminal ASD on the 
Al board. Connect a length of hookup 
wire from termini! rCl-3 to terminal 
R(3.\ on 'he A I board, Finilly, make sure 
a 7400 integrated circuit is installed in 
the ICI socket. 




F%. G6-1. Buiarr Multiplier. 



Carefully check over all the wiring 

before you begin Step 1 . 

Step I : To demonstrate a serial binir>' 
multiplier. 

The circuit tliat you have just wired is 
a serial binary multiplier that uses the 



add-shift technique. The circuit consists 
of thriL" 8-bit shift rKgiiteis and the serial 
adder on the A I circuit board, The three 
registers involved arc the accumulator 
register on the A2 botrd. the B register 
un the Al board and the E register on the 
M2 board. The £ register on the M2 
board will be loaded with the mulii- 
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plicjjid. The mukipiicr wiil bi inilially 
loaded into the B register on the AJ 
hoard. Al the beginning af the cempu- 
tacions, the accumuia'or register will be 
clear. Onci; the numberi have been 
loaded, you will ipply cliH;k pulses to the 
circuit and gv-nerate the product. 

The prL::duct. which can be twice a? 
long as oithor the multiplier or the multi- 
plicand, will be stored in the B register 
and A register. Tlie least signficant part of 
the prnducl will be stored in the B 
register, while tlie mist iignillcanL part 
will be stored in the accumulator. The 
multiplier, formerly in the B register, is 
replaced with the least signillcsnt part of 
the product. 

The fiLst step i; to load the registers 
with the appropriate numbers. To load 
the various registers, you will use the 
switch register and the accumulator as tlie 
basic number source, You will paraltel 
load the accumulator with the switch 
re^ster and transfer the number in the 
accumulator to cither the t or B register. 

Turn on the experimental chassis and 
set your switch register with the binary 
number 7 or DCOO 0111. Depress the red 
push button connected to the MLA ter- 
minal of the A2 circuit board. This will 
transfer the contents uf the switch 
register intu the accurnuktur. The lamp 
driver connected to the accumulator 
should now display the number 7. To 
shit't this number into the E register, first 
press and hold in the red push button 
connected to the M2 board. Now use the 
black push button connected to the 
discrete component latch on the experi- 
mental £:hassts to generate the clock 
pulses. Depress the black push button 
eight limes, then release the red push 
button. This will cause the number stored 
in the accumulator to be transferred a bit 
at a time into the E re^ster. This is the 



niLjliiplicand to be used in the problem. 

Since there is no light driver circiiitr>' 
connected to the E register, you have no 
convenient means of monitorina the num- 
ber contained there. However, you can 
use your tvor:i to check the dc voltage 
levels at terminals EC through E7 on the 
M2 board. 

You will next load the mdiiplier into 
the B register on the A I board. Set the 
switch re^stet to the multiplier value, 
which in this case will be the decimal 
number 6. Set the switches from [eft to 
right to 0000 1 1 0. Momentarily depress 
the red push biiEton connected to the 
MLA terminal on the A2 circuit board. 
This will load the accumulator register 
with the switch register contents. Observe 
the lamp driver to see that the number 6 
has been loaded. Next, depress and hold 
the black push button connected to ICl 
on the experimental chassis and again 
operate the clock push button eight 
times. This will shift the number in the 
accumulatoc into the B register on tlie Al 
cireuit board. Release the ICl (ihiti)puah 
button. .At tills time the lamp driver 
should read the 8-bit number representing 
the dedinal number 6 

You are now ready to perform the 
e.x.peiiment in wliich you multiply the 
numbers 7 and 6. Before you begin the 
computation, check to be sure that all uf 
the lamps in the accumabtor register are 
out, indicating that the register is clear. If 
any of the lamps are on, it will be 
necessary to set 00000000 into the 
switch register and press the parallel load 
push button once more. 

To pertorm the Computation you will 
need to depress the clock push button 72 
times. Since each number is a maximum 
of eight bits in length and we need to 
examine each bit in the multiplier one at 
a time, there will be a total of eight chick 



pulses occurring tor each of the eig,ht 
multiplier bits, plus an additional dock 
pulse for the shift. Tus n'.akcs a total of 
7;! clock pulses to complete the multi- 
plication. This will ensure that all bits of 
both the muhipticand and the multiplier 
will he use.i m the [TiultipiicaTioti. process. 
Of course, here you are using only three 
bits for each number, but in order to 
comptete the multiplication and have the 
product stored in the proper register 
locations you will need to perform the 
entire operation. 

Depress the black clock push b Litton 
eight times. After you have applied the 
eight clock pulses, press and huld the 
black shift push button connected to ICl 
and apply one more clock pulse. Release 
the shift pusli button. Stop and observe 
the contents of both the B and accu- 
mulator registers, R;cord the results in 
Fig, S6-2 (centerfold). 

Again depress the clock push button 
eight times plus one mors with the shift 
push button held in. After this second 
group of nine clock pulses, again examine 
the contents of the A and B re;,^'ister5t and 
record the results ia Fig. 86-2. Repeat 
these 8'bit groups of dock pulses and one 
shift c-ock pulse for a total of eight rimes. 
After you have applied the 72nd clock 
pulse, the muliiplicaition is complete and 
you should rB[;ord the contents of the A 
and B registers in the final position noted. 
This is your product. 

Discussion of Step I: In this step you 
multiplied the two numbers 7 and 6 and 
as a result should have ohtained the 
product of 42. In binary form [his is 
1 01 010. This number should be stored in 
rhe B register after the multiplication. 

Fig. 86-3 (centerfold) shows the re- 
siiks that you should have obtained for 
this step. A: the starti.ng position the ac- 



cumulator is reset, while the B registe 
contains the multiplier, 6. The E register 
of course, contains the multiplicand, 7, 
which we are not monitoring with lamp; 
at this time. The contents of both the A 
and B registers after the first eight clock 
pulses and on" sliitt pulse are illustrated 
in row 1 of Fig, 86-3. The contents 0: 
each of tlicse registers are shown for each 
group of ei^ht clock pulses and one shift 
pulse. After the finil group of eight clock 
pulses and one shift pii[se, the produt;t as 
shown will be contained in the B regis tei. 
Chet:k the results you recorded in Fig. 
86-2 with the correct results in Fig. 86-3. 
If necessary, go back and reload the regis- 
ters and repeat this step to be sure that 
you obtain ths correct residt. 

Fig. S64 is a simplified block diagram 
of the serial multiplier circuit that you 
constructed. By referring back 10 Fig. 
S6-1, you can compare the two circuits 
and see that they are alike. However, by 
using the simplified diagram in Fig. 86-4, 
we can mors easily e.Kplain the opera rion 
of the circuit. 

The mulnpUcand is initially stored in 
the E register and the multiplier is ini- 
tially stored in the B register. Before the 
m.ulti plication begins, the accumulator is 
cleared. WfTien the clock pulses are 
applied, the adder will produce the sum 
of the two numbers. One of the numbers 
is stored in the accumulator while the 
other is obtained from either the E 
register or from a source of binary zeros. 
AN'D gate 1 looks at the least significant 
bit position of the B register. If this bit is 
a binary 0, then the AND gate will be 
inhtbtted. .^s cUxk pulses are appUeJ, the 
multiplicand stored in the E register will 
be shifted out one b'it at a time and 
applied to gate 1. It will also be recir- 
culated and restored in the £ register. At 
the same rime, rhe contents of the accu- 
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Fif, K6-4. :!>iinpliLivil lilotk diifrani of Uie 
S«risl Multiplier. 



mulatcr will be shifted intn the adder. 
Since AND gate 1 is inhibited, naEurally 
the contenti of rhc E registsr wili nnt 
appejr ill the upper input to the adder. 
Ai a result, binary O's will be added to 
the contents of the accumulator. 

AND giiXii 2 and '-i direct the cfnek 
pulses to the B register or the E register, 
deptiiding on whether we are mdtipiying 
or shifting. During multiplication, gate 3 
is enabled and ga\z 2 is disabled, pie- 
venting the B regiilcr f[om being shifted. 
Duiifig the iihift operation, gats 3 is 
diMbliid and gate 2 is enabled, alJo'.ving 
the D register to be shifted and not the E 
register. The accumjlalor receives clock 
pulses at all times. 

In the first step of our experiment the 
accumulatoi is initially isro. s,o zeros are 
loaded back into the accumulator frotn 
the adder. We see thi's cunditiun exiiling 
in row A of Fig. 8f)-3, As soon as the first 
ei«lht clock pulses are completed, the 



appiicacion of the shift pulse causes the 
contents of the accumulator and the B 
registers to be shit'ted one position m the 
right. The least si^nitlcint bit in the 
accu.mulator is shifted into the most 
iignificant bit position of the B register. 
At til c same time, the least signiUcant bit 
of the B register is sJiifted to the right 
and lost 

A binary 1 now appears at the lower 
input to AN'D g^te 1 in Fig. ^6A, 
ineaning that the gate will be enabled. 
TherefuiL:, for the ne.xt eight clock pulses 
that occur, the contents of the accu- 
mulator will be added to the contents of 
the E register with the sum iiored back ir^ 
the accumulator, Sinc»; the number 7 is 
stored ii^ the C register, it will be add^d 
tn the contents of the accumulator. The 
accumulator will contain the number? at 
the end nf the eight clock pulses. How- 
ever, the ."ihiE'E pulse shifl;s the contents of 
the accumulator and the B re^siers one 
bit to the right. Tills results in the 
number shown in row 2 of Fig, 86-3. 

Again you can see the least significant 
bit (B0) of the B regi.'iter h a binary 1. 
Tills permhs the contents of the E reg- 
ister to be added to the accumulator. The 
result appears ba^k in the accumuiacor, 
with the resulting sum aga:n shifted to 
the right one bit position by the shift 
pulse. The resulting number appears in 
row 3 of Fin. 86-3. All of the remaining 
bits of the multiplier are binary O's from 
here on. For that reason, .4ND gate I wil[ 
be inhibited and no further su[ns will be 
created in the accumulator. Instead, after 
each eight cloci: pulses the cmtents of 
the aecuniuluto: and B registers wiU 
simply be shifted to the right. AJ'ter a 
total of 72 clock pulses has occurred, 
the product appears in the correct posi- 
tion in the B register and the 
accumulator. The least significant part 



will be in the B register, while the most 
signitlcant part will be in the accu- 
mulator. For example, if the product is 
520 (lOOOOOlOOCi then DOOOIOOO will 
be in tiie B nJi^ist-^Jr wlule 00000010 wiiJ 
be in the acctinmlatcr. 

Instructions for SE.itemcnt Sfi : You do 

not need to make any t'ufther changes in 
voUl: exnenmenfal circuit to perform this 
statement. At this time the expcnmiinLal 
chassis should still be on and ihe product 
properly disptay;d on the B register 
lamps. 

Using the procedure used in the experi- 
ment, multiply the number in the B 
register by the number in the E register. 
Simply generate eight clock pulse.";, press 
the shift push button and generate 
another clock puEse. Repeat this process 
seven more times and record the contents 
of both the accumulator and B registers 
in the margin of the te?it. Convert the 
resulting binary nutriber into its decimal 
equivalent. Now you can answer the 
statement question. 

Now remove all the circuit wiring made 
for this experiment to the Al, A2 and M2 
circuit boards. Leave the power and 
ground leads cunnected to the three 
circuit boards and also leave the power 
and ground leads and the yellow leadi 
connected to the two lamp driver boards 
and the sw/itch register. Remove all wiring 
from the iCl and IC2 sockets on the 
experimental chassis, except the power 
and ground connections to ICl -14, 
1C2-14, [Cl-7andlC:-7. 

Statement No. S6l When 1 performed 
the multiplicatiun indicated by this state- 
ment, I found the product to be: 

fl) 42 



/_?,■ 252 
14} 294 

which b the number that resultii when 
multiplied the numbers: 

(1)6 and 7. 
(2; 7 and 7. 
(3) 6 and 42. 
f4j 7 and 42. 

EXPERIMENT 87 

Purpose: To demomtmte rhe opera t to. 
of 'I binary rale muliipUer. 

Introductory Discussion: A binary rat 
multiplier is a circuit tliat multiphcs iwi 
digital input numbers and generates aj 
output equal to their produ:t. One of th 
digital input numbers Is a unitary puis- 
train while the other is a parallel binjir 
input word- Tlie outpuE is a unitary pulsi 
train, fig. 87-1 is a iimplttied blocl 
diagram ofa binary rate multiplier. 
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Fig. 87 1. A BJnaiy Rate Multiplier. 



-^ unitary pulse train is simply a scrie; 
of olT-on pulses that represents somt 
decimal quantity. For example) to repre 
sent the decimal number IS, we would 
generate a sequence of IS pulses. Tc 
represent the decimal number 735, : 
unitary puise train wrould be a sequence 
of 7-55 individual pulses. 
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The other input lu the rate mulliplier 
IS a binary numbe; whose magnitude h 
always beiwesn zero mJ on^. Thit is, it 
aiways ha a rrak.Msi:in;ii vitluc, Fnf this 
reason Ih^; number of output pulses in the 
output train will ulw.iy? be less than the 
numbtfr of inpjE pulses. The number of 
pulses in the output will be equal to the 
number ut' puUes In tltc input muUiplied 
by the pariSls! binary fra(;tit)nal input, 

Fiir examplt;, if we apply 80 input 
pulses U) [he binary rate multiplier and 
the parallel binary input word is .1001 ^ 
(.5625,g), the oJtput *itl contain 45 
pulses ^SOX .5625). 

Keep in mind two important f;icts 
about ihe rate multiplier. First, multi- 
plying a riuinber by a friicliori is equiv- 
alent to dividing thai number by :i whole 
number. Therefore, the binary rate multi- 
plier can also be considered as a divider. 



Seeondiy. since the output puLse train h;is 
fewer pulses than the input, the binary 
rate multiplier could also bu considered u 

frequency divider. Tlie parallel binary 
input word permiis the binary rate multi- 
plier to perform as a programmable fre- 
quency divider in many applicaticni. 

In this experiment you are going to 
demorrstrate a basic 4-bit binary rate 
multiplier circuit. You will demonstrate 
its basic characteristics and several modes 
of operation. By dcmonstradng the basic 
operation of the circuit, you will become 
familiar with this important compu- 
tational unit. 

Experimental Procedure: Fig. S7-2 

shows the circuit for this experiment. 
You will nsed the Ml and C2 circuit 
boards and a lamp driver circuit board as 
well as tlie switch register and theexperi- 
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Fig. 87-2. BinirK RjleMultiplirrics«d in Step U 
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mental chassis. Connect the +5 vult and 
ground leads of the Ml, C2 and lamp 

driver boards tn the appropriate +5 volj 
and 5jrt;und rerminals on 'he experimentai 
chassis. Also connect the ground and +5 
volt connections of the switch resister. 

Ne.ti, wire the lour righc-mosi or ieasi 
sign; f: cane bit outputs of the switch 
register to terminals ICl-2, ICl-5, ICMO 
and lCl-13. Tne nght-muat or LSBof the 
switch register is connected to terminal 
ICI -2 as y ou can see m Fig. 87-3 . 

Connect four lengtiis of hookup wire 
from the A, B, C and D outputs on the 
Ml circuit board to terminals ICl-12, 
ICMO, ICl-4 and ICM as shown in Fig. 
87-2- The CLK input to the binary 
counter on the Ml circuit board will, as 
usual, be wired to terminal 46 on the 
experimental chassis. This will permit you 
to set the counter from the blafk push 
button buffered by the discrete corn- 
portent latch. 

Solder .001 infJ capacitors between 
the Followins terminals: 

lCi-?toIC2-2 
]Cl-6tolC24 
JCl-8 to IC2-S 
ICl-U to IC2-1 

Solder 22k-ohm resistors between the 
following terminals: 

1C2-J to ICl-14 
lC2-2to ICM 4 
JC2-ttolC214 
IC2-5 to IC2-14 

Connect a length of hookup wire from 
terminal rC2-6 to the CIK terminal on 
the C2 circuit biiard, Connect the Lfil 
through L4 leads from the lamp driver 
beard to lenrunals L0 through L4 on the 
C2 circuit board. You may remove lamps 



Li, Lri, and L7 :l you wish, or you ca 

disabte litem by gruundL^g the L5, Lf 
and 1-7 leads. 

Connect tire C lead of one of lire re 
puih buttons to terminal C4 on [iie C 
cirtuiT board. Connecr the B lead h 
terminal CLR on C2 and connect the .■ 
lead to terminal CLR on the Ml circui 
board. Finally, connec'. a piece of hooku| 
w:re I'rom terminal 3^ !o lorminal 40 or 
the experimental chassis. Carefully chect 
your wirin;^ again.?- Fig. 37-2, then in 
stall a 7400 IC in the ICI positiim and ; 
7420 IC in the 1C2 position. Remuvt 
the 7400 IC from socSiet 1C25 on the C2 
circuit board. 

The binary rate nrultiplier that yoi 
have just constructed consists of circuitry 
on the Ml circuit board and that wirec 
on the e,\perimental chassis In othei 
words, the binary rate multiplier consijts 
of a 4-bit binary counter connected to a 
group of NAND yates whose outputs are 
di.fferentiated and then ORed together in 
the 7420 gate. The switch resister pro- 
vides a 4-bit fricliona] binary number 
that is used to enable the variou.'? gates on 
the experimental chassis. This wils deter- 
mine which of the counter flip-flop out- 
puts will be passed through the g^tes, 
differentiated, then ORed together. The 
unitary pulse train is applied to the 
binary rate multiplier by way of the black 
push button into the CLK inpui of the 
binary counter. The rate multiplier out- 
put is the output of the NOR gate at 
terminal 1C2^. 

[n order to help you conveniently keep 
track of the number of output pulses 
that occur without counting them in- 
dividually, you have wired the pro|;ram 
counter or 5-bit binary counter on the C2 
circuit board to accumulate these pulses 
and display the count on the Inrnp driver 
PC board. Each time an output pulse 
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occurs frtMTi the biiury rate multiplier, 
the cuunttr nn the C2 Lircuit board wi[| 
be incremented- The contenis of the 

counter are diaplaysd on the brnp tfrivers. 
The red pa'vb but Eon is u^ed to clear or 
rescr the cnuniir when n&cessary. 

Slep I; To show how the binary rate 
mulitplier is used to miiltiply i unitary 
puis*; Irain by a fractiiiaa! binary input. 

The four right -mo^t switches in your 
switch register represent a 4-bil fractional 
binary numher when the rij^Jil-most 
switiih is the LSB position. Set the 
switches io th-di they reid 1100 from left 
to tight (S0 and Si down, S2 and S3 up). 

Turn on the experimental cluisis. 
Some of the lamps on the lamp driver 
board may light due to the state of the 
program counter on the C2 circuit board. 
Reset this counter by pressing the red 
push button. 

As you depress the dock push button 
IS times, the binary rate multipiier cir- 
cuitry will go into action, and generate a 
unit:iry pulss train output. The number 
of output pulses wJI be counted by the 
program counter on the C2 circuit boird. 
The total number of pulses occurring at 
the output will appear as a binary number 
on the lamp driver, where 10 is the LSB 
position. Ttie nunibsi of pulses is deter- 
minijd by the product of the number of 
input pulses, in Ihis case 16, and the 
binary number slM in on the swtch 
register. Determine the fractional binary 
number on the switch register, multiply 
by 16, the total number of input pulses, 
and compare it to the binary number 
displayed on the lamp driver board. 

Now set your switch regiiter switches 
tu the number 01 10. Reset the program 
counter on the C2 circuit board and 
deptes.s the chxk push button 40 times. 



Determine ttie decimal equivalent of the 
binary number in the switch rcg'.ster and 
multiply it by 4-0 to determine ifit equals 
the number in the program oountcr. 



Discussittn i>r Step I; Tliis step slmulJ 
clearly show that the output of the 
binary rate multiplier is a number of 
pulses equal to the product of the num- 
ber ul' inpuc pulses multiplied by the 
fractional binary number. With your 
switch register set to the number ,0110, 
the binary input fraction becomes 375. 

When you applied 40 input pulses, the 
rate mulliplicr produced the number of 
outptit pulses equal to 40 times ,375 or 
15 output pulses, The program counter 
on the CZ circuit board should have 
counted these 15 pulses nnd the lamp 
driver dispLy should have read 01 1 11. 

Setting the switch register to the num- 
ber ,1100 produces an input fraction of 
,75. Mtdliplying this by a total of 16 
input pulses should have produced an 
output of 13 (1100) on the counter 
display tights. 

Step 2: To show how the rate multi- 
plier can be used as a programmable 
frequency divider. 

For this step you will drive the rate 
multiplier from the clock oscillator on 
the experimental chassi-s. To do this you 
will move the wire coming from the CLK 
teri:iinal on the Ml circuit board from 
terminal 46 on the experimental chassis 
and solder it to terminal 39, This will 
permit the clock to step the rate multi- 
plier. Place all of the four right -most 
switch register switches in the down 
position. To enable the clock oscillator, 
remove the ground wire you connected to 
terirtinal 38. 



Turn on the experimental chassis. Con- 
nect (he vertical Input lead of your 
oscilloscope to tertrJnal 39 on the e.vperi- 
mental chassis and the ground lead to the 
chassis, This will let you monitor the 
clock output, .Adjust the vertical gain 
control to display the clock output, then, 
adjust the horizontal sweep controls to 
display eight positive pulses. Use the sync 
and horizontal sweep controls to stabilize 
the waveform on the screen, 

Next, move the vertical lead of your 
oscillo-jcope to terminal IC2-6, Swtch SO 
to the up position with Si, S'2, and Sj 
down, Wth this switch in the up position, 
count the number of output pulses that 
occur. Do not change the horizontal 
sweep frequency control but use tlie sync 
control to stabilize tire wavefoim if neces- 
sary. Record the number of pulses in the 
margin of the te\t. 

Set S0 to zero and S! to the up 
position, again monitoring the output. 
Count the number of pulses that occur 
but do not change the horizontal sweep 
frequency setting. ■ 

Turn off the SI and switch S2 to the 
up position and ntoriittfr the number of 
pulses that occur. Repeat this for £3. 
Record all your numbers in the margin of 
the text. 

Set the switches in your switch register 
to the binary number .1100 that you 
iiied in the prnvioixs step. While moru- 
toring the output of the binary rate 
multiplier, s.tudy the output waveform 
carefully. Make note of the special 
periodic nature of the output pulses and 
study particularly the spacing between 
adjacent pulses. Adjust the horizontal 
sweep frequency control to display 
twelve pulses on the scope screen. Stabi- 
lize the waveform with the sync control if 
neeessary. Copy the waveform that you 
see. 



Dii;c:us.sion of Step 2: In this step yo 
dem;ins!rateJ how ihi rate multiplier ca 
be iLsed as a prcg.fammable frequenc; 
divider. U'hen you turned nn the mos 
significant bit switch (S(3) in your 4-bi 
switch register, you allowed pulses fron 
the lease siynitlcuni bit tlip-tlop of ths 
counter on the M! cir^^uii board tu pas: 
through gate G4 into the differentia to 
and. therel\5re, appear at the output o 
the NOR gate. The frequency of these 
pukes is one-half tha: of the :!ock pulse 
rate. Therefore, with eight clock pulse* 
initial- y displayed on the scope screer 
you should have seen half this number ol 
pulses at the output, 

Wiih the ne.xt most significanL hit 
switch nn and all others off, you are 
permit fin g output palscs from the B 
thp-flop in the binary counter tu pass 
through the output, '['hese pulses are 
occurring at a frequency one-fourth that 
of the clock freuqency; therefore, you 
should hive counted only two pulses on 
the output scope jcreen. In other words, 
for eight inpur pulses applied only two 
occur, indicating a frequency division of 
4, 

For the other two switch positions you 
should have noted frequency decreasing 
by a factor of 2 in each case, ftere you 
show how these switches can be set to 
provide division ratios of 2, 4, 8 and 16. 
Of course, any normal binary counter can 
prowde such binary weighted frequency 
dik'ision output without the need for the 
additional circuitry that we used in the 
rate multiplier However, by setting the 
switches to other combinations, the fre- 
quency division ratio over a wide range 
can he obtained. For e.\ample, when you 
sec the switch reaistsr to .1100 you 
actually multiplied the iriput tVequsncy 
by .75 as you demonstrated in Step 1. 
This is equivalent tu dividing the inptJt 
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frequetiuy by I /.75 or IJJ3. Recall thit 
we said multiplying an input pulse train 
by a fractional binary number is the i;ime 
as divlJing iL by J whold number iqual to 
ilie teciprQcat of that fniction. This 
means that if the input clock frequency is 
2Q(:0 Hi, the output of the binary rate 
multipii^^r when the input is set to .1100 
will be 2000/1.33J = 1500 Us. As you 
uan see, the ftetjuency division ratio is 
prugrammabfi; over s. fairly wide range by 
simply setting She switch regiiter to the 
appropriate value. 

If you U>oked ut the waveform care- 
fully you should see that the pulses 
appear tu be occurring in perir?dic git'sups 
of three. The spaijing between each three 
pulses is fqua], but it is li;sj th:in the 
spacing between the three pdse group, 
\VTiile we cin legitimately call thii a 
periodic waveform, it is an irregular 
periodic waveform, Toi' ruaiiy iippij- 
catiuns this irregular output pulse 
sequence is of no consEquenee, partic- 
ularly if you are going to simply count 
the pulses of the binary counter and 
display the result as a parallel binary 
word. However, in frequency divi5i<m 
applications where the output frequency 
must be perfectly regular this could be a 
diaadvantasc. In any case it is an impor- 
tant characteristic of the binary rate 
multiplier that you should understand. 

The input and output of the rate 
multiplier wben used as a programmable 
frequency divider is indicated by the 
simple formula F^ = n Fj , 

Instructions for Statement 87: Turn 
at'f the expeiimental chassis and remove 
the wire connecting the CLK input to the 
Ml circuit board from terminil 39 and 
reconnect it to terminal 46. Reconnect 
the ground lead to terminal 38 to disable 
the dock oscillator, Tlds will again permit 



you to step tlie counter with the black 
push button. Dtscunttect your oscillo- 
scope. 

Ne\t, set your switch lei^ster so :hat 

the binary number is ,1010 (SI and S3 
on, SS and S4 off). Turn on the expert, 
mental chaijsis and press the red push 
button momentarily to reset the binary 
coun;er on the C2 circuit boa^d. 

Depress the clock push buttop. a total 
of 30 times. This ii quite a few pulses so 
be sure that you cnunt accurately. Once 
you have applied the 30th pdse, stop and 
note the binary ntimber displayed on the 
lamp drivers. Record the decimal vahae of 
this binary number in the rturgin of the 
text and convert the fractional binary 
number in the switch register, ,1010, into 
its decimal equivalent. Using this infor- 
mation, consider the coinpulatiunal 
accuracy of the rate mtdtiplier. With this 
data you can answer the statement 
question. 

Statement No. S7: In this problem t 
am multiplying the input number 30 by a 
fractional value of 

(I^ J75 
(2) .623 
P) .73 

which gives an answer of 

(U 22.3. 
(2) 10.25. 

(3}IS.73. 

The number stured in the binary counter 
at Vat end of my computation was 

{2} 22 
(31 13 
{4} 19 



which indicates thai the rate multiplier 

(1) did 

(2) did not 

produce perfectly accurate computation 
for this problem. 



EXPERIMENT SS 

Purpose. To build and demonstrate a 
BCD adder circuit. 



Introductory Discussion: Most of the 

arithmetic operations th.it you will 
encounter in digital equipment will be 
performed with pure binary numbers. 
The pure binary ntimber system is more 
efHcient and arithmetic circuitry to 
handle it i^ much easier to implement. 
However, you will find numerous appli- 
cations where special arithmetic circuitry 
is used, such as those requiring the 
processing of BCD numbers. Some digital 
computers process BCD numbers as well 
4s binary numbers. Thii is particularly 
true of business data processing 
computers. 

One of the most popttlar, widely used 
applications for BCD arithrr^etic circuitry 
is in electronic desk calculators. Millions 
of these calculators have been sold and 
are is use today. Al! of them use BCD 
calculating circuitry. 

The most popular form of BCD arith- 
meLit: circuitry is one that processes the 
decimal numbers a digit at a time. In 
other words, the individual decimal digits 
in a number are processed serially from 
the least si_^nit1cant digii to the most 
significant. The BCD numbers themselves. 



however, are processed in parallel, I 
other words, two BCD numbers to t 
added together are added in parallel, 
4-bit adder is required for this operatioi 
We call jjuch an arrangement bii-paralL 
diEit-serial BCD aritlimetic. In desk calci 
latora, however, the arithmetic process 
often completely serial. Tho reason ft 
this is that shift register memories ar 
used to store the nutnber in the calci 
lator. Each BCD digit is stored as a serie 
of four bits in the memory in seria 
fashion. To process these digits as the; 
are shifted nut of their serial mennories, . 
completely serial arithmetic circuit i 
required. In this experiment yoit are goin 
to demonstrate one type of serial BCf 
adder. 

There are numerous means nf accom 
plisbing BCD addition in serial form 
Some of the techniques are quite com 
plex, bur the one we have chosen here i; 
relatively easy 10 implement with the 
circuitry available on your computer cir- 
cuit hoards. We will discuss the addition 
of BCD numbers in both the 8421 and 
excess 3 word format. 



Experimental Procedure; Fig, S8-1 
shows tiie wiring for this experiment. 
You will be using the ejcperijuental 
chassis, the switch register, a lamp driver 
printed circuit board, and computer 
boards Ml, M2, and Al. 

On the esperimeniiil chassis you wQI 
wire two 4-bit shift registers using 749 j 
integrated circuits. These registers will 
hold two BCD numbers tJial will be used 
in the arithmetic process. You will loid 
these registers in parallel from the switch 
register. The outputs of thes,e registers 
wijl be monitored with the lamps on the 
lamp driver board. 
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Ffe. 88-1, Serial BCD Add*?. 



The adder ciicuit is already wired for 
you on the Al circuit board. You will 
Feed the outputs of the two shift registers 
into the adder to produce the sum which 
v*ill appear back in one of the registers. 
The adder and its carry flip-flop circuit 
are all an the Al board. 

Tlie Ml boaid will be used for liming 
and control purposes. The binary counter 
li connected so that it drives the two 
decoders on Ihi* board; the output of one 



of :he decoders is used for timing signals. 
The MA4 lalch flip-flcp is used for 
control purposes. 

The binaiy counter on the .Ml circuit 
hoard also drives an 8-bit multiplexer ori 
the M2 circuit board. This multiplexer is 
connected as a parillel-to-serial converter, 
which is used us a pattern generiitur. The 
two free gales ^iviiibble un. this board are 
interconnected to form a logic network 
to detect when the contents of one of the 



registers on the experimencal cha^^is is 
greater dsan 9. 

Begin the assembly of the serial BCD 
adder by removing the switch register 
leads From terminals lCl-2,. [Cl-5, ICl-lO 
and ICIT 3, Leave tl;e puwer and grounds 
le;ids connected lo the switch regisEer. 
Next remove the four .001 mfd capacit- 
ors ajtd the four 22k-oli;ii resistors from 
the ICJ and IC2 tcruiinals. Disconnect 
the A, B, C, and D leads from terminals 
ICt-I2. ICI-9, ICM.andlCl-I. 

Remove the lead from terminal D of 
the Ml circuit board, bul leave the leads 
connected to terminals A. B, C, CLKand 
CLR !LS well a5 the power and ground 
leads. Remove all connections from the 



C2 circuit board. Leave the eight yellow 
wires connected to the lamp driver board 
as well as [he power and ground leads. 

Fig. SS-l shows the wiring needed foe 
this experiment. The Lhree circuit boards, 
lamp driver, switch register and experi- 
mental chassis are shown in roughly the 
proper physical relationship to one 
another. To simplify the wiring, you 
will first wire up the experimental chassis, 
lamp driver, and switch register. Then 
you will nuke interconnections on the 
MI circuit board and ihe M2 circuk 
board. You will dien interconnect the 
thrss cirvuil boards and the experimental 
chassis. Now mak; the following con- 
nections: 



EXPERilVlENTAL CHASSIS, LAMP DRIVER. AN'D SWITCH REGISTER 



FROM TO 

ICl 1 IC1-7 

IC2-6 I CI -6 

1C2-9 ■ IC1-0 

IC2-9 46 

red fjush button (CI IC2-6 

red push button (B} 30 

red push button (A) 33 



FROM 



Switch 



TO 



SO 


IC2 5 


SI 


IC24 


S3 


IC2-3 


S3 


IC3.2 


E4 


1C1-5 


S5 


lCl-4 


S6 


ICl-3 



FROJW 

S7 

Lamp L0 
LI 
L2 
L3 
L5 
L6 
L7 



TO 

IC1-2 

IC2-10 

tC2-11 

rC2-12 

IC2-13 

30 

30 

30 



- 




Ml CIRCUIT BOARD 




FROM 




^W' 




A 




MA0 




B 




MAI 




C 




MA2 




MA3 




GROUf^tD 




T0 




W4e 



ss 
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M2 CIRCIHT BOARD 

Tiie two frsa gutes are labeled 1 und 2 
in Fig. 88-1, You will make connections 
to these gales in the following steps. 
First, however, connect ;i 4.7k-tihrTi resis- 
tor from termijial STE to ihu right-hand 
terminal of the .01 mfd capadtor as 
shown. This is +5 volts. Now make the 
following connections: 



FROM 


TO 


Ootput of Gate 1 


STE 


Input of Gate 1 


Input of Gate 2 


EXEC 


Same Input of Gate 2 


Other Input of 




Gate 2 


MA4 


Output nf Gate 2 


M2 


S7 


S4 


S4 


GROUND 



Interconnect ions. You will complete 
the witiiig by making interconnections 
between the various circuit boards and 
the experinienta] chassis. First connect 
ihe ptiwer and ground leads of the M2 
and Al [:ircuit boards to power and 
ground on theexperitnental chassis, Com- 
plete the wiring of the red (clear) push 
button by connecting the C lead to a con- 
venient ground point. Solder a kngth of 
hngkup wire with an alligator cbp on one 
end to tenninal MA4 of the Ml circuit 
board. Now make the following cun- 
neclions: 



FROM 


TO 


Lamp driver L4 


OVFL !a:] 


SUBjAl) 


GROUND 


A9iA1) 


IC210 


MOAiAlJ 


MDA (M2) 


SUM (ATt 


(C2 1 


CVFCiAl) 


W7S(M1! 


CLR (All 


ASD (AD 


CLR (All 


CLR (M?) 


CLKiAl) 


46 


A {M 1 ) 


A(M21 


B (Ml) 


B ^M2) 


C (Ml) 


C(M2j 


ADH-1 (Ml) 


STE (M21 


MA4 iM1| 


MA4 (M21 


ETA(M2) 


IC212 


EXEC (M2j 


IC213 


Input Q{ Gats 1 


IC2n 



This completes the wiring for this 
expertment. Carefully che:k over your 
work to make sure all connections are 
securely made and that you have made 
the power and ground connections to all 
circuit boards and the switch register. 

Now remove the IC's from tlie ICl and 
1C2 sockets. In their places insert two 
7495 IC's (which you must obtain from 
the Ai circuit board). Temporarily re- 
move the 7475 (IC4) and the 7442 (1C7) 
from the Ml circuit board. Also remove 
the 7420 (ICI 2> from the M2 circuit 
board. In its p!ace install a J 5844 !C. You 
can use a 15844 from either the Cl or C3 
circuit board. 

Step I : To demonstrate the addition of 
the 8421 BCD numbers. 

The two number? that are to be added 
are loaded into llie two 4-bit registers by 



ihe switch register. The outputs of these 
two registers are then fed to the adder, 
which adds each bii of the two BCD num- 
bers as ihey are shifted into the adder. 
The sum is fed bai:k and shifted into the 
4-bLt register in fhe 1C2 position. The 
number initially scored there is lost. Tlie 
number stored in the register in the ICl 
position is replaced widi zeros, 

The switch register switches should be 
numbered S& through S7 from right to 
left. Switches S0. SL S2, and S3 will be 
used to enter BCD numbers that will be 
loaded into the register in the IC2 poii- 
tion. Switches S4, S.'S, S6, and S7 are used 
to load the othet BCD number into the 
shift register in the ICl position. The red 
push button (LOAD) will transfer the 
contents of the switch register into the 
two BCD registers. You will be using the 
clock push button and its associated 
buffer laich as a clock signal to shift the 
numbers out of the registers. 

First let's demonstrate how the BCD 
adder can add the decimal numbers 4 and 
5. Set the BCD equivalent of the dedmil 
number 4 into switches SO, S! , S2 and S3 
of the switch register. Switch SQ is the 
LSB position. Set the number 5 in BCD 
8421 code in switches S4 ihjough S7 
where bit 4 is the LSB position. Turn on 
the experimental chxsis. Press the red 
LOAD push button. You should immedi- 
ately notice that the number 4 is loaded 
into one register as indicated by lights 10 
throu^ii 13. 

Press the red CLEAR push button and 
also momentarily touch the alhgator ciip 
(MA4) to ground to clear all circuits. 
Then press the clock push button eight 
times and observe the BCD numbers dis- 
played by the lamps. !0 through 13 
should show a BCD 9 while 14 ikrougli 17 
should show a BCD zero. 

Leave switches S4 through S7 set to 



the BCD number 5, and change switche 
S3 through 33 to lep resent the BCD num 
ber 7. Press the red LOAD push hnttoi 
and then the CLE,-\Rpush button. A^aii 
depress the clock push button eigh 
times, then record the states ci lamps lH 
through 17 and note the two BCD num- 
bers stored in the Ewo registers. 

Discussion of Step I: Tlte operation o 
t]ie BCD adder circuit thnt you just dem- 
onstrated is best explained by referring tc 
a simplified block diagram of the circuit 
(Fig. 8S-2). "The switch register is used tc 
load two BCD numbers into 4-bit reg- 
isters. Both of these registers contain the 
numbers that will be added in the adder 
circuit. The 4-bit accumulator register 
feeds the adder directly. The other 4-bit 
storage register feeds the adder through 
the select logic when the select logic per- 
mits it. The sum appearing at the output 
of the adder is shifiedbackmto the 4-bit 
accumulator, replacing the number that 
was there initially. The number originally 
stored in the other 4-bit register is shifted 
out. 
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Fig. SS--. Simplitwd block diagram of an 8421 
tJCD Serial VdJ<i. 
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As ycu can recall from your study o[ 
BCD arithmetic, whi;n two BCDiuinbers 
are added and iheir sum is jjreatsr than 9, 
then a carry n caJIed lor tu the next digit 
po&iiion. In urder tu avoid the ambiguity 
pruducfid by the six invalid binary niim- 
bers, lOlO through lilt, it is necessary 
to add 11 correction factor of 6 to the sum 
obtained. 

In the first part of this experinienr you 
demonstrated the addition of two n'jni- 
bers, 4 and 5- \\'hen these numbers are 
added cue bit at a time, their sum 9 
(tool) shuuld appear in the accumulator. 
It replaces the number 4 stored there 
Initially. 

In the ne.\E step ynu added the num- 
bers 5 and 7. The hmary adder will, of 
course, produce the sum of 12 {1 100) in 
the accumulator, Thi!i number is an in- 
v:ilid number for 8421 BCD code. The 
"detect-greater-than-*r' circuit mom- 
tnring the 4-bit acciunulator register will 
indicate that the sum in the aCLumukior 
Is greater than 9. This cundiiions the 
select logic circuit to disable the contents 
of [hi 4-bit reupsier containing the num- 
ber 5 atid suable a pattern generator cir- 



cuit, The pattern generator generates the 

serial binary number 6 (0110), which is 
adjed to the contents of the accumulator 
as a correction factor to produce the cor- 
rect BCD sum in the accumulator. 

In the second part of rhis expenment 
when you added 5 and 7, the dcKct- 
grcatec-than-9 logic recognized the 12 arid 
enabled the seiec: logic, causing the num- 
ber 6 to be added to the contents of the 
accumulator. This leai^es the number 2 
(0010) in the accumulator. At the same 
time this causes a cany flip-flop to be set, 
indicating a binary 1 carry to the next 
digit position which was displayed by 
lamp 14, the least signtlcant bit of the 
tens BCD display. This carry, in effect, 
represents a binary I in the tens position 
wliile the 2 in the accumulator represents 
the units position, thereby producing the 
appropriate BCD sun 12. 

Fi^, 88-3 shows how the correction cir- 
cuits operate. The latch is set for the first 
four clock ptJses. This condition disables 
the pattern generator and allows the num- 
ber stored in the ICl register to pas.^ 
through the muUipk.ier to the adder. If 
the resulting sum shifted inro the accu- 
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Fig. 86-3. Select Loeie Operation, 
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jnulator is greater than nine, ihe two wire 
ORed NAND gates (dii:ect-;iver-9) outpur 
will go low. This condition wi!l be stored 
in the latch, which will enable the pattern 
generator and change the mput of the 
2-bit muUiplcxcr from the ICl re^ster to 
the pattern generator. 

During the next four clock pulses, the 
binary number appciring at rhe S4-S7 in- 
puts of the pattern generator wii] be 
added to the nurnber in the accumulator. 
The four input.> (S4, S5, S6 and .S7) are 
set to 0110, so a decimal six will be 
added as a correction during the second 
group of four clock pulses. 

If, after the first four clock pulses the 
number in the accumulator is nine or less, 
the output of the wire ORed NAND gates 
will be high, keeping the latch set. With 
the latch in tfie set state, there will be no 
change in. either the 2-bit mulEiple.ter or 
the pattern generator. That is, the multi- 
plexer will continue to send the numbers 
from register ICl to tb.e adder. The pat- 
tern generator will be disabled. Notice, 
however, that during the tirit four clock 
pulses as the number was being shifted 
out of ICl into the adder, the grounded 
input caused binary O's to be shifted into 
ICl. .A.Ftcr the fourth clock pulse, then, 
ICl contains all ?eros. During the nsjtt 
four clock pulses the zerrts in ICl will he 
added to the number in t.he accumulator, 
1C2, >^Ti.at this means is simply that the 
number in the accumulator (the correct 
answer) will be shifted out of the register. 
Into the adder, and back into the register 
since no correction i.*; needed. 

Ptieparing for Step 2. To demonstrate 

the addition of excess 3 BCD numbers 
you will need to make several minor 
changes in your experimental circuit. 
First, remove the wire connecting termi- 
nal 1C2-I3 to the EXEC line on the M2 



circuit hoard. Alsc: remove tlie win 
connecting ir2-l- c.j the STA termina 
en the M2 circuii boartt. Remove the wirt 
from terminal IC2-1 1 to one of the input; 
on tlie four-input free gate. Also rcniovf 
the wire between the other input of the 
four-input free gate and EXEC. Move Che 
output of the four-input free gate from 
terminal STE to terminal EXEC. E^move 
the 4.7k-ohn: resistor between terminal 
STE and +5 volts on the M2 circuit 
hoard. Removing these wires disassembles 
the detect-greaier-ihar.'*? state used in the 
Mil BCD adder. You will not need to 
delect this condition in the e.xcess 3 
adder. Remove the 15S44 IC from the 
ICl 2 position on the M2 citcnit board 
and reinstall the 7420 IC there as it was 
previously. 

Once you have removed the wiring 
indicated, you can proceed with the addi- 
tium to make your circuit perform excess 
J BCD addition. Connect OVFL on the 
Al circuit board to ADR4 on the MI 
boaid- 

Removc tti? wiring Connecting M.44 on 
the Ml circuit board tu MA4 on the M2 
circuii board, and connect a piece of 
hookup wire between MA4 on M2 and 
STE. Then connect the W4B, W5A. W69. 
and \\78 lines from the Ml circuit board 
to the four inputs of the free gate on the 
M2 circuit board. 

Remove the jumper wires from Ler- 
minali S4, S5, S6 and S7 on the M2 cir- 
cuit board. Connect terminals S4, S6, and 
S7 together. Connect the S5 line to the 
MA4 line on the Ml circuit board, then 
solder a short length of hookup wire 
between terminal S4 and the .MA4 Une on 
the Ml circuit board. Remove the lead 
from W7S (Ml) to OVFC (AI) and con- 
nect OVFC to W3C on Ml. Connect ter- 
minal WjC l^ilj to lerminal f^ (Ml). 
Fmally, move the L6 lamp driver lead 
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from ground to terminal MA4 on the M 1 
circuit board and ground lamp driver lead 
L4 after removing it from terminal OVFL 
o( the At circuit board. Dnuble check aJI 
of your wiring connections according to 
Fig. 8S4 to be sure that they ire correct. 

Step 2, Part Ir To demonstrate the 
addition of two excess 3 BCD number!!. 



Set your switch register to enter the 
decimal numbers 2 and S in excess 3 
code, S«t switches SO, Si, 32, and S3 to 
thg binary number equivalent to the 
excess 3 codt for 5 (1000). Set switches 
S4, S5, 56, and S7 lo the e.tcess 3 code 
for the dedma! number 2 (01 01). 

Turn on the experimental chassis. Press 
the red (cleir) push button lo clear the 



counter and then ioad the two number 
into the shift regiiteTs by pressing the red 
(load) push button. 

S'ext, depress the cluck push button 
four times, making note of the contents 
of the register in the 1C2 position on the 
experimental cliissis by monitoring lamps 

13 through 13. Nhkd tiute of the number 
stored there in the margin of tht; te.xt. 
Depress the black push button an addi- 
tional four times to complete the addi- 
tion, recording the contents of the accu- 
mulator register by monitoring lamps 13 
through 13 and tlie number stored in the 
tens BCD position by monitoring lamps 

14 through 17. 

Step 2, Part 2: To change the setting of 
the switch register su that you can add 
the decimal numbeni S and 9 in excess 3 
code. 

Set switches S0, SI, S2, and S3 to the 
excess 3 number for the decimal number 
9 (1 too). Set switches S4, S5,S6,and S7 
to the excess 3 code for the decimal num- 
ber S (lOil). Press the red (LOAD) push 
button to load the two numbers into the 
registers. Depress the other red push but- 
ton momentarily to reset the cuuntir. 
Then press the dock push button four 
times. Record the contents of the accu- 
mulator register by monitoring lamps !3 
through ly, Pre5-5 the dock push button 
an additional four times, again notiag the 
contents of the accumulator register on 
the 19 through 13 lamps, .AJso record the 
contents of the tens BCD position by 
monitoring 17 through 14 after four dock 
pulses and eight clock pulses. 

Discussion of Step I: In this step you 

modified the basic BCD adder circuit to 
handle excess 3 numbers. The modili- 
cations that vou made to the circuit were 



basically those involving the removal of 
the greater-Ehan-'J detection circuit you 
used in the 8421 BCD adder, and the 
changing of the numbers produced by the 
pattern generator circuit. The remainder 
of the circuit is essentiiiily the same. 

In the first part of this step you added 
the numbers 2 and 5. You entered them 
in excess 3 form in;o the two registers of 
the adder by first setting the switch reg- 
ister. By depressing the ciock push button 
eight times you caused the adder to pro- 
duce the correct excess 3 sum, Tlie fal- 
lowing sequence illustrates the operation 
carried out by the adder. 



2 


0101 


+ 5 


1000 




UOl 


+ cof ruction 




fuL-lur 


IIOl 



lOlO 



Notice the decimal numbers 2 and 5 
are e.xpressed in their excess 3 tomi.nie 
first four clock pulsci cause tht? two 
excess 3 binary numbers to be added with 
their sum appearing in the accumulator. 
You should have recorded a UOl number 
it'ter the first four clock pulses. 

The number stored in the register 
(1101) is lot the correct excess 3 value 
for the number 7. It should be 1010. in 
order to correct this condition we must 
add the collection factor 13 (1101) to 
the number in the accumulator register 
after the first four clock pulses. This is 
the purpose of the pattern generator. 

Since there is no overflow output from 
the adder after the foiJrth or most sig- 
nitlcant bit of the two numbers is added, 
then the D tlip-tlop (MA4) on the Ml cir- 
cuit board is not set. This causes the MA4 
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nurpui ii] be liijili :i[id iuppHes a high sig- 
nal to the S4, S6 and S7 inputs of the 
eigtit-input multipltwer tkat is used as our 
pattern generator. The MA4 line output Is 
low ir this time, keeping the S5 input to 

! the mtiltipltixer low. By interpreting ihe 
leveb ot .S4 through S7 inputs as a binary 

; numbifr, wi see that they are high, low, 
high add high. L'sinj positive logic this 
represents -a binary number of [101 or 
the biriity equivalent of the decim^ num- 
ber 13 in serial form, LSB first. During 
the last four cloirk puli^s, this parallel 
number will be passed on to the multi- 
ple.xer a bit at a time iind will appear as a 
serial nunibet at the output thac will be 
added to the cuiitenti of the accu- 
mulator. N'otii^e thjt this unit does not 
act like a shift register. The clock pulses 
cause the level at S4 to appear al the out- 
put first. Tfien the level a1 SS appears at 
the (Output on the iiext pulse. S6 and S7 
follow in similar fashion . Thus the num- 
ber is read out as II 01. After the 8th 
clock pulse, then, you should have found 
the accumulatar contents to be 1010. 
The 1010 number is the appropriate 
B.Kcesi 3 number equivalent of the sum 7. 
In the next part of the experiment you 
adJed the numbers S and 'J in excess 3 
form. Ttie pruper addition is shown as: 



1011 
J..lQq 
10111 



•Mrarreclioa 

factor 0011 



17 



0100 



1010 



As you can see, whenever you add these 
two numbers the sun? is greater than 16. 
This indicates that a different correction 
factor must be added to the number to 
produce the correct e.tcess 3 sum. Duting 



the first four clock pulse j, rhs twu num- 
ber? are added as shown and the number 
in the accumulator should be 01 11. TJie 
overflow nip-tlop should be set it tSiis 
lime, causing the MA4 flip-flop on the 
Ml circuit board to become set. When 
fills happens it causes the pattern gen- 
erator to produce the number 00 10, the 
binary equivalent nf the dedmal number 
2. The correction factor needed is a deci- 
mal 3 however. The added correction (1) 
is taken care of by the cany flip-tlop in 
the adder, which is also set at this Ume. 
S5 is high because MM is set. MA4 is low 
at this time, holding S4, S6 and S7 low. 
This produces a low, lo*, high, low 
combination that becomes 0010 when 
interpreted with positive logii:, Tlie num- 
ber 3 (0010 plus the carry) is added to 
the contents of the accumulator on the 
last fuur clock pulses, producing the cor- 
rect e.^cess 3 SLim in theoutpiit. The cor- 
rect sum, of course, is 1 7 and the excess 3 
representation of this is 0100 1010. The 
lOlO is the least signilicanE digit (7) in 
excess 3 form. The most significant 1 is 
the carry out produced by the MA4 
flip-flop and appears as 0100 in the tens 
digit position. 

Refer to Fig. 8SA. The W4B, W.^A, 
W65 and W78 outputs of the decoder on 
the Ml circuit board are used to form 
timing and control circuitry for the pat- 
tern generator. During the last four clock 
pulses these four decoder outputs will go 
low sequentially. Gate 1 in Fig. 88-4 is 
part of the 7420 (ICl 2) on the M2 circuit 
board. This gate is used as an OR, which 
means that during the last four clock 
pulses one of the fo'Ji decoder inputs will 
hold the output of gate 1 high. The other 
half of the 7420 isj simply used as an in- 
verter. It will hold trie STE Output and 
MA4 line on the M2 circuit board low for 
the last four clock pulses to enable the 



pattern generator. Al this time it alM 
inhibits the gate used to fied the number 
from the register in the ICl position on 
the experimental chassis to the adder, 
This msans ihit during the first four 
;lock puises. the number in the register is 
added ta the nusnber in the accumulator 
to obtain die initial sum of the two ex- 
cess 3 numbers, During the second four 
clock puises, that number is inhibited and 
the correction factor is added into the 
number stored in the accumulator to pro- 
duce the correct excess 3 Sum. Tlie stale 
uf flip-flop MA4 on the Ml circtiit hoard 
determines which corrsctton factor num- 
ber is to be added. 

Instructions for Statement SS: For this 
statement you do not need to make any 
further hardware changes to your experi- 
mental circuit. You will simply answer 

the following question based upon your 
linowledge of the operation of the excess 
3 adder circuit that you just demon- 
strated. 

After you have answered the state- 
ment, disconnect all of the wiring from 
the Al , Ml and M2 boards. Remove all of 
the wiring t'roni the experimental chassis 
at the ICl and IC2 sockets, ejicepting +5 
and ground at terminals 14 and 7. 



Disconnect the switch register outputs 
from the experimental chassis, but leave 
the +'7 volts Lind ground ifiadi connected. 
Disconnect the lamp driver inputs from 
the expenmental chassis, but do not re- 
move the +5 volts and ^roirnd leads. 

Reinstall the 7442 IC at 1C7 and the 
7475 IC at 1C4 on the Ml board. Also re- 
install the tivo 7495 IC's at rC3? and 
IC40 on the .A! circuit board. 



Statement No. S8: To prLidute the 
appropriate excess 3 BCD sum, a cor 
rection factor number is added to the 
initial sum of the BCD numbers added. If 
the initial sum is less than 16, a cor- 
rection Factor of 13 is added. If the initial 
sum is greater than 16, a correction factor 
of 3 is added jo produce the correct ex- 
cess ,3 sum. In the experimental circuit, 
which of the following circuits detei- 
miries which correction factor is to bt 
added? 



(Ij decoder outputs W4B, W5A. W69 

ami WJS. 

(2j the overflow flip-flop. 
(3} the pattern generator. 
(4) the cany flip-flop. 



66 



(,1 



Constructing the CI Circuit 

Board and Performing 
Experiment 89 



Before you cm begin the nexi experi- 
ment, you will need to construct the Cl 
(EC32) circuit board. Use the Follawing 
step-bystep inslructions for doing this. 
You will need the following parts; 
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Printed circuit board (EC33) 

Tubular tcrmijials (LU9) 

14-pin JC snckers fS084) 

16-piii!C sockets (S0fi6) 

100 mfd electrolytic capacitor 

(CM 13) 

.01 mfd disc capacitor (CN102) 

7400IC([CS) 

74(}4IC(rCI2( 

7420IC(IC6) 

7442]C(!CIO) 

74164 [C(1C 14) 



Install miniature tubular lerminals in 
all of the peripheral holes on the Cl cir- 
cuit board that jre designated by lettered 
callouts. Press the terminals into the holes 
from the top of the board firmly. Use 
your longnose pliers to crimp each ter- 
minal flat on the bottom of the board, 
ensuring a firm mechanical mount. Solder 
all 54 terminal-to-pad connections on the 
bottom side of the board. Then solder the 
15 terminals to the connections on the 
top side of the board. 

Install .01 mfd, SO volt disc cerainic 
capacitors in the nine locations desig- 
nated on the circuit board. On those 
capacstoi^ mounted near integrated cir- 
cuit socket locations, be sure to solder 



the wire leads on both the tup and the 
bottom of the circuit board. VS'hen you 
install those i:flpacpiors designated on the 
periphery of the board, cut the leads 
short and install them in the holes of the 
tubular tarminali. Solde: all connections. 
InstaO eight integrated circuit sockets 
on the Cl circuit hoard. Twn of these, 
IC2I and IC23, are Ifi-pin sockets. The 
remaining six are 14-pin sockets. Instill 
the sockets so that the notch in the end 
edge aUgiia with the notch as shown on 
the screening un tup of the CI circuit 
board. Be careful to position the 14-pin 
socket for IC18 exactly as shown by the 
legend on the board. Press each socket 
firmly into place so that it seats com- 
pletely on the top of the board. Then, 
using a low wattage, fme point scldering 
iron and the extra thin solder supplied 
with this kit, snider each of the terminals 
carefully, being sure that adjacent ter- 
minals do not short and that excess solder 
does nut appear on each connection. 

Install the 100 mfd, 10 volt capacilur 
between the +5C and Gl terminals of the 
circuit board. Be sure to observe the 
polarity of the markings indicated. 

Install the It's i[i the sockets according 
to the screened designations by each soc- 
ket. Examine all of your soldering :o be 
sure all terminals, pins, and components 
are soldered and that there are no snider 
bridges to adjacent points. Make sure a!l 
of the integrated circuits are in the cor- 
recr sockets. 



EXPERIMENT S9 

Purpose: Tj dcmomtrme the circuitry 

u$^d for decoding iiiimicthns itt a dig^tai 
comparer and 

To show a method of testing this cir- 
cuitry to verify its propter operation. 

[ntrrjductory Discussion: The instruc- 
tioTi word in a digital cornputer defines 
the operation tu be performed by the 
computer. The instructions making up a 
program are stored in sequential memory 
locations- The computer fetchesi these 
instructions one at a time, interpret.s 
them, and then generates the necessary 
signals to carry ojt the operation. The 
circuitry for interpreting the instruction 
ij in the control sectirjn of the computer. 
This circuitry is basically a set of de- 
coders for recognizing the various bit pat- 
terns in the instruction word and gen- 
erates the necessary control signals to 
Cause the specified operation to be car- 
ried out. In this experiment you are going 
to learn the instruction format of the 
NRt digital conrputer and you will dem- 
onstrate the logic circuitry used to mon- 
itor and interpret these instructions. 

While learning the instruction decoding 
circuitry, you will also be demonstrating 



the method for testing logic circuitry t 

determine if it is operating properly, Th: 
can be done by tlrst knowing how the cl, 
cijit operates. Its operation can he simt 
lated by applying appropriate input: 
determining if the outputs produced coi 
respond to those inputs. 
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F'^. S9-1. InsltHctioci wurd lormat memor 
reference in^tructiuiiij. 



Fig. S9-1 shows ths basic instructioi 
word format for the NRl Model Sj2 Di 
gital Computer. Thi^j is the instructioi 
word format for memory refer end 
instructions. Notice that bits 5, 6 and ' 
arc used to specify the op code. This 3bi 
code defines which operation the com 
purer wiU execute. Since there are Ihrei 
bits in the op code, then there are 8 pos 
sibk insttuctions that can be performed 
as specified in Table I. Remember that al 
of these instructions (except the last one 
are memor>' reference instructiiins, whjct 
means that a word stored in some mem 
ury location is used when this instructior 
is executed. The address portion of thi 
irrstrucSiori consists of biti thryu"h 4 



MNEMONIC 


INSTRUCTION OPERATION 


LDA 


Load accumulator (A) i 


STA 


Store accumulator 


ADD 


Addition 


SUB 


Subtraction 


JMP 


Unconditional jump 


JOM 


Jump if accumulator minus 


JOZ 


Jump if accumulator zero 


OPR 


Operate functions 



M 



Tjl>le I, .Metnoty reference instructions. 

m 



MNEMONIC 


FUNCTlOiN OPERATION 


RAB 


Rotate A and B registers 


CMA 


Complement accumulator 


AMD 


AND contents o^ A and B 




registers 


RAE 


Rotate A and E registers 


SHA 


Shift accurnulatDr 


SKC 


Skip on condition 


DCA 


Decrement accumulator 


HLT 


Halt 






Tjhte IT. Operir* jfiitnjctkin functions. 



and designafes otiu of 32 pussible mem- 
ory locations where ths data to be 
operated on ishi<:ated. 

In Table I notice that the lasl instruc- 
ts un wcid is tiii; ops rate instruction 
(OPR). V^'hen the op code denning tliJs 
instruction appejri in bits 5 through 7, 
the bits through 4 of the memory word 
are not used to spectty an addre5s. Sirti;e 
there is no word in memory referenced 
by the OPR instruction, bits through 4 
can be used for other purposes. 

f-'ig. S9-2 shows the word formal when 
the OPR instruction is indicated. Bits 5 
through 7, of course, define the oper:ition 
instruction. Bits 0, I and 2 define a func- 
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lion code which in reality specifies eight 
additional functions that the computer 
can perform. These are instructions that 
do not need to reference a memory loca- 
tion. Almost all of the inscruclions in- 
volve operations on the accumulator and 
other registers in lh<! computer. 

The operate instructions are defined in 
Table 11. The SHA instruction is a shift 
accumulator operation that causes the 
contents of the accumulator to be shifted 
one bit at a time, to either (he right or 
left. The direction of the shift is desig- 
nated by bit 4 in the operate instruction 
format. 

In tfiis experiment, you are going to 
demonstrate liow the Cl circuit board 
you just constructed is used to decode 
and recogtiiie the ^•arious instruction 
codes indicated here. Yqu will apply in- 
struction words to the inputs and moni- 
cor the outputs to determine the func- 
tion[n|> of the circuit. 

Experimental Procedure: With this kit 

you receive an insert diagram showirig the 
logic circuitry on the Cl circuic board. 
Find this drawing and keep it handy, as 
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Fig. 89-3. E^pertmentj] circuit tot Step» I and '2. 



you will be using it in perfomiing this 
experiment. The Cl circuit board is desig- 
nated by its part number EC32. 

Looking at the logic diagram of the 
Cl circuit board, you can see that it 
consists of an S-bit instruction register 
designated IC24. Tlie 74164 IC used 
here contains jri S-bit shift-ri^ht shift 
register that is loaded serially from the 
MDA Input. This register is designated 
the instruction register (IR). as it stores 
the 8-bit inilruction word. The outputs 
of this register are designated 1R0 
through IR7. These outputs feed two 
instruction decoders designated 1C21 
and IC2j. IC21 is the decoder used to 
interpret the memory reference instruc 



lions, while IC23 interprets the operate 
instruction codes. The remainder of the 
circuitry consists of inverters used to 
obtain the proper logic levels at the out- 
puts. Several other logic gates are used 
for generating special signals that are re- 
quired in the compu'.er. 

Fig. 89-3 is the wiring diagram for the 
circuit that you will use in this experi- 
ment. You will need your switch reg- 
ister, the Ml and S\2 circuit boards, the 
Cl circuit board, and both lamp drivers. 
Be sure that ah of tl^ese units are pro- 
perly cc}nnetted to the S-vott supply on 
the experimental chassis, then wre the 
circuit as shown in Fig. 89-3. Keep the 
lead lengths short where ptjssible and 



70 



71 



arran>;e your boards neaiiy to provide 
ready aotess tw any part of the circuit. 
Fur this experiment you jre going to 
Icid vanoas ft-bi: words in f n the trjtruc- 
rion register and then niisnitor the re- 
sultK of the Jei;odcT outputs on the 
16-hmp driver lamps. Tu do this you 
wiil set yuur switch rsgisler tu the 
appropriate word you wish to tnad into 
iliii initructinn regiister. By depressing 
the red push button, you will auto- 
mat iially start the circuit which will 
cause that number to be loaded into the 
instruction register. This is done by the 
circuitry on the ^fl and M2 circuit 
boards. The 8 -bit mcmary multiplexer 
on the M2 circuit board is used to take 
the 8'bit parallel data from the switch 
register and convert it into a serial pulse 
train. The MDA output of the M2 board 
is applied to the serial MDA input on 
the CI bnard The counter on the Ml 
board is u.sed to step the multiplexer on 
the M2 board, and also is used along 
with the FTCH signal to cause exactly 
eight clock pulses to shift the 8-bit shift 
register word into the instruction reg- 
ister and stop automatically. 

Step I: To verify the openation of the 
memory reference instruction decoding 
uircuitry. 

In this step you will apply the eight 
possible op codes to the circuit and note 
the condition of the lamps at the out- 
put. For this step you will determine 
wliith inatructioit is being specified by 
ea<jh of the op codes that you apply to 
the circuit. You will do this by ob- 
serving which lamp turns on for each 
step. By noting which lamp i.s on you 
can determine which of the Cl output 
lines is a binary 1, as shown in Pig. 
39-3, 



Turn on. the experimental chassis ami 
set the switch register so that the three 
left-hand bits are set to 000. The other 
bits in the switch regrstet can also be iet 
ro zero for this particular step. The five 
right-hand bits in the instruction word 
specify the address for this srep. We will 
not be concerned with the address. Once 
the switch register is set, depress tfie red 
push button, which should load the 
instruction regiiter automatically. At 
this time you should observe all of the 
lamps to determine which one is a 
binary 1. Kaiowing which lamp is on 
helps yi)U to deterniine which Cl output 
line IS a hinaiy 1 by tracing the circuitry 
back from the input to the lanip driver 
that is on the back of the terminal on 
the Cl circuit hoard. Record the 
mnemonic designation on the board for 
that terminal in the space adjacent to 
the op code in Fig. 894. 



OP CODE 


INSTRUCTIOIV 


OQO 




001 




D10 




Oil 




TOO 




101 




110 




in 





Fig. 89-4. Tjbte (or Step 1, 



Set the switch register to the next op 
code in the table of Fig. 89-4. Etepress 
the red push button to load the op 
code and again observe the lamp that is 
on and trace the circuitry to determine 
which instruction is being decoded. 
Record the nmemonic designation In 



Fig. S94. Do this for all eight op code 
conditions .ihown in Fig. 89-4. 

There arc two special cases that you 
will note in performing this step. Be- 
cause the JM? output on the Cl circuit 
board is a ctmiplinientary output siejial, 
this wiil normally be on at all times 
except during the time which the JMP 
instruction is decided. For that reason, 
simply disregard the JMP output Une 
and the condition of lamp 14. except to 
note when that latrip gees out rather 
than whe:^ it goes on. 

Second, the 17 lamp on one of the 
lamp driver boards will be monitoring 
the ASD output. As you can tell from 
Tables 1 and II, this is not an instruc- 
tion. Instead It is a special control signal 
generated for a special purpose in (he 
computer. For each up code input you 
are to note the status of this ASD line 
and record in the margin of the text the 
mnemonic of the instruction that is 
enabled at the same titne that the ASD 
lamp is on, hi other words, if the par- 
ticular op code just loaded causes the 17 
lamp to liyiit, then you will know that 
the add instruction has been designated. 
If this add instruction op code also 
causes the ASD line to be a binary 1, 
ar.d the 17 lamp to light, make note of 
this fact in the margin of the test. Do 
this for all eight op code conditions. 

Discussion of Step I: Fig. 89-5 shows 
the correct results that you should have 
obtained in this step. The thing that you 
should be nnat aware of in this experi- 
ment is that only one of the eight pos- 
sible instruction output lines should be a 
binary I at any given time. The reassin 
for this is simply that the decc^der is 
designed Co recognize only one instruc- 
tion and cause that single ins true tioa to 
be carried out. All of the others should 
be disabled at this lime. 



OP CODE 


INSTRUCTION 


DQO 


LDA 


001 


STA 


010 


ADD 


on 


SU8 


100 


JMP 


1C1 


JOM 


no 


JOZ 


111 


■f^'^^lOPFt 



Fig. 89-5. CoFTCvl rcilltts for Step 1. 

There ire two special cases in Fig. 
89-5 that you should understand. First 
of all, by referring to the separate logic 
diagrarr: (insert sheet) of the Cl circuit 
board, you can see thit the output for 
the JMP instruction is a NOT signal. 
This means that when that instruction is 
decoded or selected, the output line will 
be J binary rather than a binary K 
Tlie decoders themselves, 7442 iC's, 
have an active low output. Tliis means 
that the selected output hne will be lyw 
while all others will be higli. Since we 
generally require a binary 1 output on 
the selected line, inverter packages using 
the 7404 IC are used. During your e\- 
periment you shouid have found that 
the JMP line, which is connected to the 
lamp driver and displayed on lamp 14, 
should be on, indicating a binary I for 
all input conditions except for the op 
code 100. 

Notice in Fig. 89-5 that the OPR 
instruction is not indicated. The OPR 
output of the instruction decoder, 1C21 
on the Cl board, is used Co control the 
OPR function decoder which is iC2j. 
W.en the OPR hue goes low, it enables 
the funiiion decorler 1C2j and permits 
one of the eight pos-iible operate instruc- 
tions to be enabled. The e.xacE opera t? 



72 



73 



instrucTion is selected by ietling the 
three most significant bits of thie instruc- 
tion ret^ster, JR9. IRI. nnd 1R2- rf :here 
are all zeros in this portion at' ths 
instrucliun worJ tliat you entersd, the 
RAB instruction h selectee!; therefore, 
Lhe light assodatt^d with that instruc- 
tion, [|3, wiJl be c*n when the operate 
instructiciQ code is in ihc instructinn reg- 
ister. 

Step 2: To determine the function 
codes fnr the operate instructlnns. 

For this step yuii will load the op 
code portion of the instruction register 
with the code 111, which designates the 
operate instruction. You will then appiy 
the eight possible function codes and 
determine whii;h af the operate instruc- 
tions are designated for each. You will 
%i:t [he three right-most bits of your 
switch register to the eight codes, 000 
through 111, one at a time. Load each 
one individually and enter it into (he 
instruction register by depressing the red 
push hutton. After each operation, note 
again wliicJi lights are on. By noting the 
indicator lamps that sre on, you can 
tra;e their input back to the CI circuit 
board, and determine which operate 
instruction is being specified by noting 
the screening an the circuit board. Do 
this for ejich of the eight codes and 
record your results in Fig. 89-6. In addi- 
tion, continue to ttionitor the ASD out- 
put on L7 as you did before. Note 
which of the operate instructions, if 
any, also cause the .ASD output to be- 
come a binary 1 , as indicated by the 17 
lamp being on. Make note of these in 
the margin of the text along with your 
notations regarding the ASD signal, 
which was determined in the previous 
step. 
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INSTRUCTION 
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001 

010 
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TOO 
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110 





Fig. 89 6, Table lor Step 2. 

Discussion of Step 2: Fig. 8^-7 shows 
the correct results fur Step 2. Here you 
can see which of the 3-bit function codes 
in bits 0, I and 2 of the instruction reg- 
ister correspond to the operate instruc- 
tion. Remember that only one of the six- 
teen possible instructions available should 
be selected at any given time, as indicated 
by the lights. K eep m mind that all during 
this time the JMP output will be high 
since ttus instruction is not selected. This 
will keep lamp 14 turned on. However, 
you should have remembered that this is 
a complement output signal and will 
caiije this result. 
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Instructions for Statement 89: Yiiu 
will not need to make ^ny further tests to 
answer the state mem question for this 
experiment. Duiiisg Steps 1 and 2 you 
have accumulated the necessary infor- 
mation to answer the statement question, 
which is based upon tlie state of the ASD 
output signal. Dunng Steps I atiid 2 you 
were told to monitor ASD output line on 
L7 and to indicate wtJch instruction is 
decudcd wjien this lamp came on. Using 
this information, you will answer the 
statement question. You may wish tu 
refer to the separate logic diagram (insert 
sheet) of the CI circuit board to further 
verify the operation of the circuit con- 
cerned with the ASD slgnsl- 

After you have answered the statement 
disassemble your experimental circuit. 
Remove the Me, M2, and Cl circuit 
boards and all of the various inter- 
connections, including those to the 
switch register. Remov: the jumpers be- 



Iwsen JA, KA, and FTCH on the Ml 
board as ^vcll as the 4-.7k-ohm resistor and 
switch on +.^.A, CI.R and Cl. Ren;ove the 
jumper between M.-\4 jnd G2 or the M'2 
board. Unsolder the power and ground 
connections of Ml, MI, and Cl at the 
experimental chas.si.i. Leave the povuer 
and ground connections tar both lamp 
driver boards and unsolder the lamp 
driver inputs from the Cl board at the Cl 
terminal. 

Statement No. S9: Using the infor- 
mation that I gathered in this e\periment 
and by observing the circuitry invulved 
with the ASD signal on the Cl circuit 
board, I can see that it is possible to ex 
press the ASD output with a Boolean 
expres.sion. The proper Boolean expres- 
sion for the ASD signal is: 

fl) ASD= SUB + ADD^ + DCA. 
(2} ASD ^Sl'B ^- ADD + DCA 

fi} ASD '=fSUB)-fADD)-(DCA). 



Fig, 89-7. C«jrr*tl ffttults fur St«p 2, 
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